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. , Abstract 
Endothelium-derived hyperpolarizing factor mediated relaxation in coronary and 
pulmonary microcirculation: implications in cardiothoracic surgery 
Submitted by: ZOU WEI for the degree of Master of philosophy in surgery at the 
Chinese University of Hong Kong in December 2001 
• Abstract 
Vascular endothelium plays a key role in the regulation of vascular tone through 
releasing diverse vasorelaxant substances. Among these, endothelium-derived relaxing 
factors (EDRFs) are responsible for the endothelium-dependent relaxation. The major 
components of EDRFs have been shown to be endothelium-derived nitric oxide (NO), 
eopoprostenol (prostacyclin [PGI2]), and the endothelium-derived hyperpolarizing factor 
(EDHF). The nature ofEDHF has not been finally identified. In cardiothoracic surgery, 
the function of the coronary and pulmonary endothelium plays an important role in the 
results of open heart surgery and lung transplantation. The present study examine (1) 
the effect of Epoxyeicosatrinoic acid (EETn, 12, the metabolites of arachidonic acids 
- through cytochrome P-450 monooxygenase) with regard to the possibility to restore the 
EDHF function when it is added into the hyperkalemic solution; 2) the effect of 
hyperkalemia，University of Wisconsin (UW), and Euro-Collins (EC) solutions on the 
EDHF-mediated relaxation in the porcine pulmonary artery. 
Porcine coronary micro-arteries with a diameter of 200-450 \im were normalized in 
a wire myograph. Paired arteries were incubated in either hyperkalemic solution or 
hyperkalemia plus EETn. 12 compared with Krebs' solution at 37 °C for 1 hour. In the 
i 
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presence of indomethacin (INDO), A'^-nitro-L-arginine (L-NNA), and Oxyhemoglobin 
(HbO), the EDHF-mediated relaxation to EETii，i2 or BK was studied in the U46619-
induced precontraction. The BK-induced relaxation was reduced by exposure to 
hyperkalemia and was partially restored by incubation with EETn，12. 
Porcine pulmonary micro-arteries were immersed in hyperkalemia at 37° C for 1 
hour or in UW or EC salutions at 4° C for 4 hours and followed by washout for 45 
minutes. The BK- or A23I87-induced relaxation resistant toINDO, L-NNA, and HbO was 
significantly reduced. 
These results indicate that, in coronary micro-arteries, when NO is inhibited and 
scavenged by L-NNA and HbO, PGI2 is inhibited by INDO, EDHF is a major relaxing 
factor of the coronary circulation. EETu, 12 may partially mimic the EDHF function. 
Under the situations mimicking their clinical use, hyperkalemia, UW, and EC solutions 
reduce the EDHF-mediated relaxation. The present study therefore supports the use of 
EETii,i2 mimetic to better protect the endothelial function of coronary micro-arteries 
during cardiac surgery. In addition, we found that hyperkalemia impairs the endothelial 
function of pulmonary micro-arteries during the lung preservation for transplantation 
and this opens a new research field for future studies. 
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Chapter 1 General Introduction 
Chapter 1 
General Introduction 
In modem cardiothoracic surgery, extracorporeal circulation and organ 
transplantation techniques are commonly employed. During open-heart surgery, the 
heart is usually arrested by cardioplegic solution for precise intracardiac repairs or for 
coronary artery bypass grafting. In heart and lung transplantation, the donor heart 
and/or lung are protected by special preservation solutions. The coronary and 
pulmonary vessels are therefore in direct contact with cardioplegia or heart or lung 
preservation solutions. We currently know that the vascular endothelium is 
fundamental to circulatory control the tone of the underlying vascular smooth muscle 
and plays an essential role in many physiological or pathophysiological conditions 
including helping to control by altering [Furchgott, 1980，1983，1984, 1989; 
Moncada et al.，1989，1991; Vanhoutte, 1987，1989; Henrich, 1991]. Our 
investigation into the endothelial control of coronary and pulmonary vasomotor tone 
_ forms the basis ©f this thesis. 
1.1. Endothelium-dependent relaxation in coronary and 
pulmonary circulation 
Endothelium-dependent relaxation plays an important role in coronary and 
pulmonary circulation, and many studies have focused the relation of the function of 
endothelial cells with clinical implications. These studies demonstrated that 
1 
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endothelial function is involved in cardiac operations like coronary bypass grafting, 
vascular surgery, heart and (or) lung transplantation, and medical therapies for 
pulmonary hypertension and hypertension [He et al.，1988; Holden et al.，1990; He & 
Yang, 1996; 1997; He, 1997b; 1998; Ge & He，1999; 2000; Ren et al., 2001]. The 
present study is mainly focused on the effect of endothelium-dependent relaxation 
(endothelium-deriYed hyperpolarizing factor, EDHF-mediated) in coronary and 
pulmonary microcirculation. 
1.1.1. Endothelium-derived relaxing factors (EDRFs) 
The endothelium is at the interface between the blood and underlying vascular cells 
and plays a strategic role in the control of local hemodynamics. Currently available 
data indicate that the endothelial system can be regarded as a highly active endocrine 
organ that serves a wide variety of biological functions including synthesis, 
metabolism, and binding of various vasoactive and non-vasoactive substances. 
In 1980, Furchgott and Zawadzki demonstrated that the relaxation of rabbit isolated 
arteries to acetylcholine requires the presence of endothelial cells [Furchgott & 
Zawadzki, 1980]. This response is mediated by a labile substance originally termed 
endothelium-derived relaxation factor (EDRF). Since then, many investigators have 
repeated their seminal observation in a variety of blood vessels, including arteries, 
veins, and micro-vessels [Moncada et al., 1991] with a number of vasoactive agents 
[Furchgott & Vanhoutte，1989; Luscher et al., 1990]. EDRFs causes relaxation of 
vascular smooth muscle by activation of soluble guanylate cyclase, yielding increased 
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levels of cyclic guanosine monophosphate (cyclic GMP, cGMP), a mechanism of 
action shared with exogenous nitro vasodilators [Forstermann et al, 1986; Ignarro & 
Kadowitz, 1985; Rapoport & Murad，1983]. EDRF is scavenged by superoxide 
anions, as is nitric oxide [Rubanyi & Vanhoutte，1986; Palmer et al., 1989; Ignarro et 
al., 1987; 1988a]. However, very soon after the discovery of endothelium-dependent 
relaxation, pharmacological studies using various inhibitors of the metabolism of 
arachidonic acid suggested that the functional coupling between endothelial cells and 
the arterial media involves at least three different pathways. With increasing 
knowledge of endothelium-dependent relaxation, three endogenous factors, Nitric 
oxide (NO) [Ignarro et al., 1987，1988a，1988b], prostacyclin (PGI2)，[Moncada et al., 
1979; Luscher et al., 1990] and endothelium-dependent hyperpolarizing factor 
(EDHF) [Rubanyi et al.，1985; 1987; Rubanyi & Vanhoutte，1985; 1987; Feletou & 
Vanhoutte, 1988; Hoeffner et al, 1989a; 1989b; Boulanger et al., 1989; 1990] have 
been shown to contribute to endothelium-dependent relaxation and hyperpolarization 
of vascular smooth muscle (Fig 1.1.1). 
1.1.1.1. Nitric Oxide 
Nitric oxide was first identified as the one of the major components of EDRFs 
[Ignarro et al.，1987，1988a，1988b]. Nitric oxide (NO) is responsible for the 
vascular smooth muscle relaxation elicited by endothelium-derived relaxing factor 
(EDRF). NO is an unstable endothelium-independent vasodilator that is released 
from vasodilator drugs such as nitroprusside and glyceryl trinitrate. Repeatedly 
observed that the actions of NO on vascular smooth muscle closely resemble those of 
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Fig. 1.1.1. Schematic diagram describing the endothelial cell derived three 
major EDRfs. In response to the increase of the intracellular (cytosolic 
free) calcium level, endothelial cell derived three major EDRFs: PGI2, NO, 
and EDHF. Three EDRFs decrease the intracellular calcium concentration 
in the smooth muscle cell through different mechanism and ultimately 
relax the smooth muscle cell. The mechanism by which EDHF relaxes 
vessels is to open K+ channels and to hyperpolarize the membrane. 
Subsequently, voltage-operated Ca2+ channels (VOCC) are inhibited and, 
therefore, the Ca^ "^  influx is reduced, causing relaxation. The presence of 
the inhibitors of NO and PGI2 (L-NNA and INDO), as well as the 
scavenger of NO (HbO), to ensure that the residual relaxation is truly due 
to EDHF. 
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EDRF. n o produced comparable increases in cyclic GMP accumulation in artery 
and vein, and this cyclic GMP accumulation was inhibited by L-NNA, 
oxyhemoglobin [Ge & He，2000]. NO was identified chemically as EDRF by two 
procedures. First, NO and EDRF released from freshly isolated aortic endothelial 
cells reacted with hemoglobin to yield nitrosylhemoglobin. Second, NO and EDRF 
each similarly promoted the diazotization of sulfanilic acid and yielded the same 
reaction product after coupling with N- (1 -naphthyl)-ethylenediamine. Thus, NO 
released from artery and vein possesses identical biological and chemical properties 
as EDRF. 
NO is synthesized from the amino acid L-arginine by NOS (Nitric oxide synthase) 
[Palmer et al.，1988a, 1988b; Lamas et al.，1992]. There are several analogs of L-
arginine that can inhibit NO. These inhibitors are A^-monomethyl-L-arginine (L-
NMMA), A/^-nitro-L-arginine (L-NNA), A^-iminothyl-L-omithine [L-NIO], and i f -
nitro-L-arginine methyl ester [L-NAME] etc. [Moncada & Higgs，1993]; these 
inhibitors can competitively inhibitors of both the constitutive and the inducible NO. 
L-NNA has the effects on vascular tissue in vitro similar to those described for L-
NMMA [Ishii etal., 1990; Rees et al., 1990; Mulsch & Busse，1990]. 
1.1.1.2. PGI2 
In 1977, Wesksler and Moncada first demonstrated that postacyclin，PGI2 is an 
endothelium-derived vasodilator [Weksler et al., 1977; Moncada et al., 1977]. PGI2 
response to endothelium-dependent vasodilator such as bradykinin (BK) and 
acetylcholine (ACh), the endothelial cyclooxygenase (COX) converts the arachidonic 
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acid (AA) to endoperoxides. The endoperoxides are subsequently catalyzed by 
prostacylin synthase to form PGI2. More recent studies suggested that in several 
vascular preparations including coronary arteries, endothelium-derived PGI2 was 
found to contribute to the vessels relaxation [Bunting et al.，1976; Dusting et al.， 
1977a, 1977b; Raz et al., 1977; Vegesna & Diamond，1986; Lamontagne et al , 
1992a，1992b; Jackson et al., 1993; Rosolowsky & Campbell，1993]. It evokes the 
vasodilatation by activating adenylate cyclase to increase cyclic AMP in vascular 
cells. The rise in cyclic AMP stimulates the extrusion of Ca:. from the cytosol and 
decreases the sensitivity of the contractile apparatus to Ca^ "^  [Moncada & Vane，1979; 
Raeymaekers et al., 1990]. As PGI2 is avidly converted into prostacyclin by the 
vascular tissue of several species including man, prostacyclin is probably involved in 
the local regulation of the coronary vascular bed. 
1.1.1.3. EDHF 
Since Bolton and colleagues first reported that a muscarinic evoked endothelium-
dependent hyperpolarization of vascular smooth muscle cells [Bolton et al., 1984] 
years have passed before a third vasodilator of endothelium was identified. The 
phenomenon of endothelium-dependent hyperpolarization was subsequently 
observed in rabbit saphenous artery [Komori & Suzuki，1987], rabbit aorta [Beny & 
Brunet, 1988], rat aorta or main pulmonary artery [Chen et al.，1989], canine 
coronary artery [Feleton & Vanhoutte，1988], and rabbit middle cerebral arteries 
[Brayden, 1990]. When L-arginine analogs used as the inhibitors of NOS became 
available, the endothelium-dependent hyperpolarization was found to resist partially 
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or totally to against the inhibitors of COX and NOS in porcine coronary artery 
[Richard et al., 1990; Nagao & Vanhoutte�1992a, 1992b; Fisslthaler et al .�1999]� 
rabbit femoral arteries [Mugge et al., 1991], bovine coronary arteries [Campbell et 
al., 1996], rat hepatic artery [Zygmunt & Hogestatt，1996], human coronary arteries 
[He, 1997], and rat arteries [Edwards et al., 1998]. Hyperpolarization of vascular 
smooth muscle was observed during endothelium-dependent relaxation [Bolton et al., 
1984]. The endothelium-dependent hyperpolarization and relaxation resistant to the 
inhibitors of COX and NOS has been generally considered to relate the third 
vasodilator substance: Endothelium derived-hyperpolarization factors，EDHF. 
In bioassay experiment involving vascular rings with or without endothelium as 
detector, in the presence of inhibitors of COX and NOS, the detector smooth muscle 
can be hyperpolarized or dilated by the effluent from the endothelium donor. 
However, removal of the endothelium in the donor ring results in disappearance of 
the detector responses [Ge and He, 1999，2000]. These experiments gave evidence 
that the hyperpolarization of the detector vascular smooth muscle was caused by 
EDHF derived frbm the endothelium of the donor rings. Some researches have 
shown that EDHF transfer between endothelial and smooth muscle cells involves 
different pathway of the intracellular communication, dependent on the endothelium-
dependent vasodilators [Hutcheson et a l , 1999; Dora et al., 1999]. It has been 
suggested that EDHF plays an even more important role in the regulation of the 
vascular tone in microcirculation than in the large conductance arteries; EDHF is by 
far the more effective dilator of micro vessels [Garland et al., 1995; Bolz et al., 
1999]. 
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Although the activity of EDHF has been demonstrated in arteries from various 
species, the chemical nature of EDHF has not been finally identified [Rubanyi & 
Vanhoutte, 1985; Feleton & Vanhoutte，1988; Vanhoutte, 1998], considerable 
attempts have been made to understand the chemical nature of EDHF [Hecker et al., 
1994; Fulton et al., 1995; Campbell et al., 1996; Popp et al , 1996; Randall & 
Kendall, 1997; Miura & Gutteraian，1998; Oltman et al.，1998; Edwards et a l , 1998]. 
The candidates of • EDHF proposed by different researches include 
Epoxyeicosatrynoic acids (EETs), anandamide, NO, PGI2，K+，citrulline, adenosine 
triphosphate (ATP), and hydrogen peroxide [Vanhoutte, 1998; Beny & Schaad, 2000; 
Campbell et a l , 2001; Campbell & Harder, 2001]. 
1.1.2. EDHF in coronary and pulmonary circulation 
1.1.2.1. EDHF in coronary circulation 
Coronary blood flow is controlled primarily by local metabolic mechanisms and 
thus it responds rapidly and accurately to changes in myocardial oxygen 
consumption. During this process, endothelium plays an important role in 
controlling vasoconstriction and vasodilatation and further regulation of blood flow. 
In modem cardiac and transplantation surgery, the heart (or donor heart) coronary 
arteries are in direct contact with cardiologic or heart preservation solution. We have 
been demonstrated that some cardioplegic (eg., St. Thomas' Hospital solution) or 
heart preservation solution (like, Euro-Collins or University of Wisconsin solution, 
EC，UW) altered endothelial function, and hence may be further impair the function 
of coronary artery and myocardium. We further demonstrated the dysfunction of the 
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endothelia was due to the altered, EDHF-related endothelial function [He, 1997b, 
1998; Ge& He，1999; 2000]. 
1.1.2.2. EDHF in pulmonary circulation 
The main function of the pulmonary circulation is to deliver deoxygenated blood to 
the lungs, distributing it through pulmonary capillaries to allow gas exchange to 
occur. In order to perform this function efficiently, the surface fluid layer in the air 
blood must be minimized and pulmonary pressure must therefore be kept low to 
prevent fluid leakage through the capillaries. It is known that endothelium play a 
very important in control pulmonary arteries tone and regulte blood flow. On the 
other hand, vasomotor responses having the greatest impact on pulmonary vascular 
resistance and ventilation-perfusion matching are though to occur in small, distal 
"resistance" (micro-) pulmonary arteries rather than in large, proximal "conduit" 
arteries, therefore, isolated small pulmonary vasoreactivity, and the characteristics of 
these vessels are becoming better appreciated [Harder et al., 1985; Liu et al., 1998]. 
However, present ‘study investigates to focus the endothelium-dependent relaxation 
(EDHF-mediated) on pulmonary micro-arteries. 
In 1988, Chen examined that the effects of hemoglobin and methylene blue on the 
ACh-induced electrical and mechanical responses of smooth muscle cells in rat main 
pulmonary artery [Chen et al.，1989]. When the endothelium was intact, ACh 
induced a transient hyperpolarization and sustained relaxation of tissues 
precontracted with noradrenaline. Both hyperpolarization and relaxation were absent 
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in preparations without endothelium. Chen' concluded that in rat main pulmonary 
artery, ACh releases two different substances, an endothelium-derived relaxing factor 
(EDRF) and a hyperpolarizing factor (EDHF), from the endothelial cells. From that 
time, some studies have been reported that EDHF-mediated hyperpolarization and 
relaxation in canine pulmonary artery [Gambone et al, 1997; Horibe et al, 2000; 
Ogawa et al, 2001], rats pulmonary artery [Hasimuma et al, 1991; Resta & Walker， 
1996; Torok, 2000; Karamsetty et al, 2001], and piglet pulmonary artery [Levy et al, 
2000]. Along the same line, ACh, BK, and the calcium ionophore, A23i87-induced 
the (EDHF-mediated) in precontracted relaxation precontracted phenylephrine in 
canine pulmonary artery [Gambone et al, 1997; Horibe et al, 2000; Ogawa et al, 
2001], histamine- and ACh-induced relaxation (EDHF-mediated) in phenylephrine-
precontracted, Madison (M) strain relax rat, and Hilltop (H) strain of Sprague-
Dawley rats pulmonary artery [Hasunuma et al, 1991; Torok, 2000; Karamsetty et al, 
2001], and ACh-induced relaxation (EDHF-mediated) on piglets pulmonary artery 
precontracted with prostaglandin F2a [Levy et al, 2000]. These studies results 
indicated that the EDHF-mediated relaxation exist in pulmonary artery bed. On the 
- other hand, in the pulmonary circulation, EDHF was also effected the strain, animal 
age, nature condition, and presence or absence of chronic hypoxia, hypertensive. 
Torok suggested that relaxation the pulmonary artery in both normotensive and 
hypertensive rats is mediated mainly by nitric oxide, whereas EDHF seems to play a 
minor role [Torok, 2000]. 
1.2. Effect of hyperkalemia on EDHF-mediated relaxation 
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Due to the frequent use of hyperkalemic organ preservation solution in 
transplantation operations, the effect of such solution on endothelial function has 
been the focus of several recent studies. Previous studies in our laboratory showed 
that infusion of hyperkalemic cardioplegic solution could damage coronary 
endothelium cells [He, 1997; He et al., 1994; 1995; 1996; 1998; Ge & He, 1999; 
2000], and we further demonstrated that the noncyclooxygenase pathway-mediated 
endothelium-dependent relaxation in porcine coronary arteries [Ge & He，1999] or 
neonatal rabbit aortas [He et al , 1995] is not altered by exposure to hyperkalemia or 
cardioplegia. However, most recently, we have discovered that the endothelium-
dependent relaxation mediated by the noncyclooxygenase and non-nitro oxide 
pathway (i.e., the endothelium-derived hyperpolarizing factor [EDHF] pathway) in 
porcine coronary arteries and micro-arteries are altered by exposure to hyperkalemia 
[He et al., 1996a; 1996b; Ge & He，1999; Liu & He，2000; He & Liu，2001] (Fig 1.3). 
The effect of hyperkalemia on the porcine coronary circulation has a significant 
� clinical implication. If the coronary tone is altered by the exposure, the coronary 
resistance must be changed under some circumstances, and similarly, this would also 
affect the pulmonary circulation. In particular, during the reperfiision period, the 
perfusion of myocardium or pulmonary tissue is critical. The vascular tone is 
determined by the balance between endothelium-dependent relaxation and 
contraction of smooth muscle [He et al., 1995]. If EDHF plays a role in regulating 
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mediated relaxation facilitates vasoconstriction and, therefore, may reduce the 
perfusion flow. Based on this hypothesis, our studies were designed to investigate 
the effect of hyperkalemia exposure. The present study was designed to see whether 
such effects also exist in the porcine pulmonary micro-artery. In commonly used 
lung preservation solution such as the EC solution (containing 115 mM potassium) or 
UW solution (containing potassium concentration as high as 125 mM), the K+ 
concentration is similar to the hyperkalemia we used. Hyperkalemia organ 
preservation solution may also reduce the vasorelaxant effect of EDHF during and 
soon after the preservation. Muller and his colleague studied demonstrated that to 
evaluate the effect of low-potassium dextran (LPD) solution on organ function in 
human lung transplantation [Muller et al., 1999]. 
1.3. Organ Preservation Solutions 
Euro-Collins (EC) and University of Wisconsin (UW) solution are the most 
commonly used fluids for cold storage of various organs, such as the pancreas, liver, 
— kidney, lung, and heart [Ploeg, 1990a; 1990b; Hirt et a l , 1992; Cofer et al , 1990; 
Maurer et al., 1990]. In the past three years, several studies investigated the effect of 
UW solutions on the coronary endothelial function after the storage of the heart [He, 
1998a; He et al.，1998b; Ge, 2000], demonstrated that high potassium impaired 
endothelium-dependent hyperpolarizing and relaxation and further affected coronary 
circulatary function. Potassium content in EC and UW solution (llSmM or 125 
mM, respectively) approximates the intracellular concentration of K+. So high 
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concentration of K+ (hyperkalemia) may prevent Na+-K+ adenosine triphophatase 
(ATPase) activity and its resultant cellular accumulation of water and depletion of 
ATP stores. However, the high concentration of K+ in EC or UW solution has been 
implicated in endothelial cell damage, causing coronary spasm and increasing 
capillary permeability [Cartier et al., 1993; Lee et al., 1996]. Numerous studies focus 
that between endothelial function and affect of lung transplantation with UW solution 
[Cullen et al , 1991; Hidalgo et al , 1996; Steuber et al” 1997; Roberts et al.，1998; 
Baker et al., 1999]. The effect of UW and EC solutions on the porcine pulmonary 
endothelium has not been previously reported. 
1.3.1. Euro-Collins solution 
EC solution is an intracellular type solution. The composition of EC solution is 
shown in Table 1.3.1. Different from those of UW solution, EC solution added 
magnesium. It is important that the magnesium play a role protect the endothelium. 
The high magnesium concentration (30 mmol/L) in the EC solution may be the main 
� factor as it has been shown that high concentration of magnesium depresses the 
sensitivity of vessels to K+ [Chiavarelli et al., 1982; Skajaa et al., 1990]. 
Table. 1.4.1. The composition of EC solution 
Components EC solution 
Na+ 10 mmol/L 
K+ 115 mmol/L 
Cr 15 mmol/L 
HCO3- 10 mmol/L 
H2PO4- 15 mmol/L 
HP04^- 42.5 mmol/L 
Glocose 195 mmol/L 
Osmolality 375 mmol/L 
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1.3.2. University of Wisconsin solution 
UW solution is an "intracellular-type" of solution. Its components (Tab. 1.3.2.) are 
designed to minimize the harmful effects of hypothermic ischemia and subsequent 
reperflision. UW solution contains macromolecular impairment molecules: 
lactobionate, raffmose, and pentastarch. They may improve myocardial recovery by 
reducing cell swelling during hypothermic arrest. In addition, UW solution has a 
buffer to prevent intracellular acidosis and a colloid to facilitate vascular flush out 
[Belzer & Southard，1988]. 
Table. 1.4.2. The composition of UW solution 
Components UW solution 
Na+ 29 mmol/L 
K+ 125 mmol/L 
Mg2+ 5 mmol/L 
Pentafraction 50 g/L 
Lacto bionic acid 35.83 g/L 
Raffmose 17.83 g/L 
Adenosine 1.34 g/L 
Allopurinol 0.136 g/L 
Total glutathione 0.922 g/L 
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Objectives and Research approaches 
2.1. Objectives 
2.1.1. Endothel ium-dependent relaxation resistant to INDO, L-NNA, 
and HbO in porcine coronary and pulmonary micro-arteries 
A few recent studies reported that L-NNA could not completely block the NO 
production in some vascular beds, even at high concentrations [Cohen et al., 1997; 
Simonsen et a l , 1999]. In our laboratory by direct measurement of NO we also 
demonstrated that the NO production cannot be abolished by L-NNA [Ge et al., 2000; 
Liu & He，2000; He & Liu, 2001]. Further addition of HbO scavenges the residual 
NO and under such condition, the residual relaxation is linked with a membrane 
hyperpolarization in the coronary conductance arteries [He et al., 1997a] and in 
micro-arteries [He, 1997b; Ge & He，2000; Ge et al , 2000] and therefore is due to 
EDHF [Ge et al” 2000]. In the present study, all experiments were performed in the 
� presence of the inhibitors of NO and PGI2 (L-NNA and INDO), as well as the 
scavenger of NO (HbO) to ensure that the residual relaxation is truly due to EDHF. 
In the present study, we to examined the effect of the EDHF stimulus BK- or A23187-
induced relaxation in the U466i9-induced precontraction in the presence of INDO, L-
NNA, and HbO in the porcine coronary and pulmonary micro-arteries. 
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2.1.2. EETii , 12 and EDHF-mediated function in porcine coronary 
micro-arteries 
EETs are vasodilators, especially of smaller, more peripheral vessels such as 
intestinal micro-vessels, caudal, cerebral, renal, and coronary arteries, as well as 
resistance arterioles of the kidney [Hu & Kim，1993; Hecker et al., 1994; Li & 
Campbell, 1997; Li et al., 1999]. Previous findings suggested that the mechanism of 
e d h f is related to EET. In fact, there are many similar properties between EDHF 
and EETs [Hu & Kim，1993; Hecker et al., 1994; Li & Campbell，1997; Li et al , 
1999]. We have previously demonstrated that the EDHF-mediated relaxation is 
impaired when the coronary arteries are exposed to hyperkalemia [He et al., 1994； 
He et a l , 1995; He & Yang，1998]. It has not been studied in the coronary artery 
whether addition of EET", n may restore the EDHF-mediated function reduced by 
exposure to hyperkalemia. The present study was then designed to examine the 
effect of EETii, n on mimicking the EDHF-mediated relaxation in the coronary 
micro-artery during exposure to hyperkalemia. 
2.1.3. Comparison of E C or U W solution on endothel ium-dependent 
relaxation resistant to I N D O , L-NNA, and H b O in porcine 
pu lmonary arteries 
We have previously demonstrated that the EDHF-mediated relaxation is impaired 
when the coronary arteries are exposed to hyperkalemia and UW solution [He et al.， 
1994; He et a l , 1995; He & Yang，1998]. In EC and UW the concentration of 
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potassium (K"^ is as high as 115 and 125 mmol/L, respectively. The extremely high 
K+ concentration in EC and UW is one of the major concerns with regard to 
endothelial preservation [Pearl et al., 1994]. However, the compositions of EC and 
UW are complex and the effect of these organ preservation solutions may therefore 
be complicated by its multiple components. The effect of storage of lung with EC 
and UW on the EDHF-mediated relaxation is unclear. It is unknown whether other 
components in these solutions would prevent the organ from the alteration of EDHF-
mediated relaxation owing to its extremely high K+ concentration. The present study 
examined the effect of hyperkalemia on the function of the endothelium of porcine 
pulmonary micro-artery and the effect of EC and UW solution after hypothermic (in 
4°C) storage for 4 hours as in the clinical setting. 
2.2. Research approach 
2.2.1. Endothelium-dependence of the relaxation by BK or EETn’ n 
In some vessels, the endothelium was removed through gently rubbing it with 
"“ stainless steel wire of 40|iM in diameter to examine the endothelium-dependence of 
the relaxation by BK or EKTi 1,12 in porcine coronary or pulmonary micro-arteries. 
2.2.2. Effect of hypothermic storage with EC and UW solution on 
EDHF-related relaxation 
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Hypothermic flush perfusion is the method most commonly used for pulmonary 
preservation in clinical transplantation practice to limit ischemic injury to the 
endothelium [Mankad et al., 1992]. In lung transplantation operation, most flush 
solutions are administered at a 4 °C to slow the metabolism by nearly 80% to 90%. 
EC and UW are designed for cold storage of the organs. However, in our isolated 
vascular study, the pulmonary micro-artery rings incubated with UW or EC solution 
at 4° C in a refrigerator. • 
2.2.3. Time-dependent alteration of endothelium-dependent 
relaxation in pulmonary micro-arteries by EC and UW 
solution 
With current lung transplantation techniques, satisfactory graft function can be 
obtained; ischemic time is one of the important factors. It has been reported that 
after ischemic intervals of as long as four to eight hours the graft function of the lung 
is satisfactory [Snell et al” 1996; Gammie et al., 1999; Muller et al” 1999], although 
successful transplai^tation after cold-storage intervals of up to ten hours have been 
reported [Zenati et al., 1989; Griffith et al., 1990; Cooper et al, 1992; Pinsky, 1995]. 
The sensitivity of the lung to preservation injury currently limits the ischemic time to 
less than six hours [Killinger et al., 1992] and effect is most pronounced beyond five 
hours. Therefore, in the present study, we chose four hours for the incubation with 
preservation solution to mimic clinical lung transplantation. 
2.2.4. Effect of HbO in endothelium-dependent relaxation 
19 
Chapter 2 Objective and Research Approaches 
The endothelium derives at least three relaxing factors (NO, PGI2, and EDHF). 
W h e n N O and PGI2 are blocked by I N D O and L-NNA, the residual relaxation is 
thought to be due to EDHF. However, by direct measurement of NO we have 
demonstrated that the NO production cannot be abolished by L-NNA [Ge et al., 2000; 
Liu & He，2000; He & Liu，2001]. Further addition of HbO scavenges the residual 
NO and under such condition, the residual relaxation is due to EDHF [Ge et al., 
2000]. Therefore, in the present study, all experiments were performed in the 
presence of the inhibitors of N O and PGI2 (L-NNA and INDO), as well as the 
scavenger of NO (HbO) to ensure that the residual relaxation is truly due to EDHF. 
In rabbit coronary arteries, Vogel and colleagues observed the coronary 
vasoconstrictor effect of human stroma-free hemoglobin in isolated rabbit hearts 
perfused with whole rabbit blood at a constant coronary flow rate. Vogel suggested 
that hemoglobin-induced vasoconstrictor activity was sustained, readily, reversible, 
and reproducible during continuous infusion of the hemoglobin solutions [Vogel et 
al., 1986]. In the present study, we also observed that bovine hemoglobin induced 
� stable and fast contraction in both porcine coronary and pulmonary micro-arteries. 
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Materials and Methods 
3.1. General Methods 
The present study uses isometric force measurement in Mulvany's small vessel 
myograph (model-500A; J P Tarhus, Denmark) technique to investigate the EDHF-
mediated relaxation in porcine coronary and pulmonary micro-arteries. 
3.1.1. Porcine heart and lung collection and transportation 
Porcine heart and lung were collected from a local slaughterhouse. The pigs were 
bred in Hong Kong area or China mainland, adult pigs weighing 20-30 kg. 
Immediately after the pig (either sex) was killed, the heart or lung was rapidly place 
in a container filled with cold Krebs’（士 4° C) solution and transported to the 
laboratory. During transportation, ice was use to maintain the icebox temperature. 
Usually, from the pig was killed to collect place in a container filled with cold Krebs' 
solution about five minutes, to begin experiment about 1 to 1.5 hours. The Krebs' 
solution had the following composition (in mM): NaCl: 118.4; KCl: 4.7; 
- M g S 0 4 - 7 H 2 0 : 1 . 2 ; KH2PO4： 1 . 2 ; NaHCOs： 25; (+)-Glucose: 1 1 . 1 ; and CaCh ^HiO: 
2.5. This gives the following final molar concentration (in mM): Na+ 143.4; K+ 5.9; 
Ca2+2.5; Mg2+ 1.2; Cr 128.7; HCO^ 25; SCU:. 1.2; H2PO4-I.2; glucose 11.1. 
3.1.2. Myograph 
Until the mid-1970s, most of the information about the mechanical, morphological 
and pharmacological properties of vascular smooth muscle was confined to large 
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vessels (>500 }im), the rat-tail artery being the smallest vessel, which had been 
examined in any detail. Information about smaller vessel (<500 |im) could only be 
inferred from perfusion experiments and histological examination, the small size of 
the vessels having discouraged investigators from undertaking mechanical 
experiments. However, a technique first suggested by Bevan and Osher [Bevan and 
Osher, 1972] for. investigating smaller vessels with internal diameters down to 
around 100 |im was then developed [Mulvany & Halpem, 1976, 1977; Mulvany et 
al., 1978; Mulvany & Nyborg, 1980]. The myograph was first described by Mulvany 
& Halpem [Mulvany & Halpem，1976], and further modifications were described by 
Mulvany [Mulvany et al., 1978]. The technique is characterized by being relatively 
traumatic and providing measurements of highly isometric responses. The key to 
these characteristics is the mounting procedure, which allows both ends of each 
mounting wire to be secured under tension without having to manipulate the vessels 
segment with dissecting equipment. A dual myograph allowing simultaneous testing 
of two vessels were introduced by Mulvany & Nyborg [Mulvany & Nyborg, 1980]. 
In 1991, substantial modifications to the myograph have been made by JP Trading in 
- consultation with the author and three new basic models have been developed. The 
dual myograph model 500A has an automated system for calibration and data 
acquisition. 
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Fig. 3.1.2. Arrangement of electronics unit and myograph-Model 500 A 
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The system of Mulvany's small vessel myograph (model 500A; J P Tarhus, 
Denmark) consists of main body of myo-interface model 500A, myograph (two 
chambers; NEAR and FAR), myograph controller, myo-link (computer), recorder, 
and printer. Fig. 3.1.2 show the arrangement of electronics unit and myograph-
Medol 500A. 
3.1.3. Myosight 
The present study uses this software program as recording experiment data. 
MYOSIGHT is software that program assist flexibly collecting data from the 
myograph directly into computer. 
3.1.4. Dissecting blood vessel 
See chapter 3.2.1. Porcine heart harvest and anatomy and chapter 3.3.1. Porcine 
lung harvest and anatomy. 
3.1.5. Mounting 
A coronary (or pulmonary) micro-arterial ring was guided onto a suitable length of a 
‘ stainless-steel wire (40 \im in diameter) through its lumen under microscope. The 
wire was fixed tightly on a jaw in a myograph and another on the other jaw of the 
same chamber. These two wires were attached to a force transducer or to a 
micrometer, respectively. The other coronary (or pulmonary) micro-arterial ring was 
mounted the other chamber according above progress. These two wires were either 
attached to a force transducer or to a micrometer. An adjustable micrometer can pull 
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the jaws apart and stretching the artery between the two parallel wires. A calibrated 
force transducer was used to measure the force with the output shown on a computer 
screen and the graphs were printed in a printer. Data were digitized and store in the 
computer. After the rings were mounted in the myograph, the Krebs' solution in the 
myograph chambers was continuously aerated a gas mixture of 95% 02-5% CO2 at 
37 土 0.1oc.(Fig.3 丄 5.) 
Fig. 3.1.5. A coronary (or pulmonary) micro-arterial ring was guided onto a 
suitable length of a stainless-steel wire (40 i^m in diameter) through its 
lumen under microscope. The wire was fixed tightly on a jaw in a myograph 
and another on the other jaw of the same chamber. These two wires were 
attached to a force transducer or to a micrometer, respectively. 
During this process, pay attention to careful to protect the endothelium of rings. 
The wire as far as possible no touch endothelial cell layer and to avoid to involve 
ring. Whether obtain a good relaxation induced by endothelium, dissecting and 
mounting are very critical progress. 
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3.1.6. Normalization 
The procedure to stretch the vessel rings to an optimal point on the length-passive 
wall tension relationship was used in the present study [Mulvany & Halpen，1977; He 
et al , 1988，1989]. This technique allows a reproducible wall tension to be applied 
that corresponds with porcine coronary micro-arterial pressure in the body physiology 
condition. The vessel rings were streched in steps and the passive wall tension (T) 
recorded. From the Laplace relationship: 
P = 2 7 I T / L 
The corresponding transmural pressure (P, in millimeters of mercury) was 
determined from the circumference of the ring (L) and tension (T). Applying a 
number of stretch step and using a computer-based iterative fitting technique allows 
the intersection of the theoretical isobar (100 mm Hg) and the exponential line 
(fitting the data points for the stretches) to be determined to indicate the internal 
circumference (Lioo) at an equivalent transmural pressure of 100 mm Hg. The artery 
was then relaxed a little to a circumference equal to 0.9 x Lioo and held at this degree 
of stretch for the remainder of the experiment. The objective of this method was to 
determine the optimum passive resting force for each vessel from the knowledge of 
its own length-tension curve. This method normalizes all the vessels of different 
sizes and varying smooth muscle content to a comparable degree of passive stretch 
[He et al., 1988; Angus et al., 1986], and allows the vessel in vitro set at a 
physiological pressure and has been shown to allow maximum tension development. 
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3.1.6.1. Normalization of coronary micro-artery 
Coronary micro-arterial rings were equilibrated at 37 土 0.1 °C Krebs' solution for 
more than 40 minutes. The rings were progressively automatic stretched by 
myograph until the passive transmural pressure reached 100 mm Hg, and the pressure 
was immediately released. (Fig 3.1.6.1.) The computerized program determines the 
length-tension exponential curve for each ring and gives the internal circumference 
and diameter at a pressure of 100 mm Hg. The transluminal pressure, determined by 
the computerized program at this diameter (D 0.9)，ranged from 55 to 70 mm Hg in 
present experiment. Only were coronary micro-arterial rings in internal diameter of 
200 to 450 |im at the pressure of 100 mm Hg used. The isometric at this setting is 
the “ passive ” or “ resting ” force in the absence of constrictor tone. 
< 
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Fig. 3.1.6.1. The normalization of coronary micro-artery 
3.1.6.2. Normalization of pulmonary micro-artery 
The process of the normalization of pulmonary micro-artery is same to coronary 
micro-artery. Porcine pulmonary micro-arterial rings were equilibrated at 37 土 0.1 °C 
Krebs' solution for more than 40 minutes. The rings were progressively 
automatically stretched by myograph until the passive transmural pressure reached 40 
mm Hg (because pulmonary circulation is at lower pressure compared to the systemic 
circulation), and the pressure was immediately released. (Fig 3.1.6.2.) The 
28 
Chapter 3 Materials and Methods 
computerized program determines the length-tension exponential curve for each ring 
and gives the internal circumference and diameter at a pressure of 40 mm Hg. After 
normalization, the arterial rings were set at 90% (D0.9) of the diameter equivalent to 
40 mmHg. This passive transmural pressure was 27.9 士 0.4 mmHg (n = 131) that is 
in physiological range in the present study. Only were pulmonary micro-arterial 
rings in internal djameter of 200 to 450 \xm at the pressure of 40 mm Hg used. The 
isometric at this setting, is the “ passive “ or “ resting “ force in the absence of 
constrictor tone. 
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Fig. 3.1.6.2. The normalization of pulmonary micro-artery 
29 
Chapter 3 Materials and Methods 
3.1.7. Precontraction 
The porcine coronary or pulmonary micro-artery was precontracted with U46619 
before an endothelium-dependent relaxation was applied to these vessels. In porcine 
coronary micro-arteries, the EC50 for U466i9-induced contraction was 8.5 土 0.7 nM (n 
=9)，calculated from the concentration-response curves. U46619 at the dose 3 nM (-
8.5 log M) caused a stable submaximal contraction of all coronary micro-arteries [Ge 
etal , 1999]. 
In porcine pulmonary micro-arteries, present study pilot experiments found that 
U46619 at this dose did not cause significant contraction of the rings examined. U46619 
15 nM was then used to precontract the porcine pulmonary micro-arterial ring. This 
dose was chosen according for our pilot experiment; the EC50 for U466i9-induced 
contraction was 7.38 士 0.36 log M (n = 8; taken from 8 porcine lungs), calculated 
from the concentration-response curves in porcine pulmonary micro-arteries. U46619 
at -7.5 log M (ISnM) caused a table submaximal contraction of all rings. 
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Fig. 3.1.7. The porcine pulmonary micro-arterial rings were contracted 
with U46619, from -10 to -6.5 log M. The EC50 for U466i9-induced 
contraction was 7.4 士 0.4 log M (n = 8; taken from 8 porcine lungs), 
calculated from the concentration-response curves in porcine 
pulmonary micro-arteries. U46619 at -7.5 log M cause a stable 
submaximal contraction of all rings. 
3.1.8. Endothelium-dependent relaxation 
In addition to other agents indicated, INDO 7 |IM), L-NNA 300 \M were always 
added into the myograph organ bath solution to inhibit the formation of PGI2 and 
NO, and HbO 20 \M always plus the solution to scavenge free NO. The coronary or 
pulmonary micro-arterial rings were incubated with INDO, L-NNA, and HbO for 30 
minutes and then U46619 was applied to contract the rings. When the U466i9-induced 
contraction reached a stable , plateau, the endothelium-dependent vasodilator to BK, 
or to EETii, 12，or to A23187 were cumulatively added to induce the relaxation. 
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3.2. Coronary artery studies 
3.2.1. Porcine heart harvest and anatomy 
Coronary micro-arteries were obtained from porcine (adult pig weighing 20-30 kg) 
heart that was harvested in a local slaughterhouse. Immediately after the pig (either 
sex) was killed, the heart was rapidly removed, placed in a container filled with fresh 
Krebs' solution at 4°C, and transferred to the laboratory. The transportation time 
varied from 1 hour. Upon receipt of the fresh porcine hearts, the porcine heart was 
cut into several pieces, keep the left ventral myocardium, put it a small dish with 
cold Krebs' solution, use scissors to snip myocardium, make it 3-4 mm thick piece. 
Use forceps be careful tear epicardium, and then to anatomize intramyocardial 
micro-coronary arteries (usually the tertiary branches of the left anterior descending 
artery) and carefully removed to protect the endothelium. (Fig. 3.2.1.) The vessels 
were cleaned of fat and connective tissue and cut into cylindrical rings of 2-inm (for 
intramyocardial arteries) length under a microscope. The Krebs' solution was pre-
aerated with a gas mixture of 95 % 02-5 % CO2 at 37 Above progress must be 
with care taken to protect the endothelium and were carefully dissected out. 
Cautious dissecting and mounting of the rings render the endothelium functionally 
intact as determined by the relaxation response to vary relaxant drugs. 
3.2.2. Characteristic of histology of porcine coronary micro-artery 
Arterioles may be defined as those vessels of the arterial system with a lumen less 
than 0.3 mm in diameter, although the distinction between small muscular arteries 
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and large arterioles is somewhat artificial. Arterioles are characterized by the 
following features, which are seen in these graphs (Fig. 3.2.2.1. and 3.2.2.2.)： 
^ T ^ s ? ^ Left coronary artery 
• i n — 
丨 branch 
Left ventricle 
Anterior i n t e r v e n t r i c u l a r ^ ^ ^ X \ ~ r - 
branch 
Left anterior descending ^Pex 
Coronary micro-artery 
Fig. 3.2.1. Diagram showing the location of porcine coronary micro-
artery used in the present study. Porcine coronary micro-artery was 
dissected from the tertiary branch of the left anterior descending coronary 
artery, as indicated by the arrow. Only the arteries with diameter of 200-
450 i^m at the transmural pressure of 100 mmHg were used in the present 
study. 
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muscle 
Connective tissue ‘ 
Coronary micro-artery 
Fig. 3.2.2.1. Diagram showing the mode of porcine coronary micro-
artery used in the present study. 
1. The tunica intima is very thin and comprises the endothelial lining, little 
collagenous connective tissue and a thin, but distinct, internal elastic lamina. 
2. The tunica media is almost entirely composed of smooth muscle cells in six 
"“ concentric layers or less. 
3. The tunica adventitious may be almost as thick as the media and merges with 
the surrounding connective tissues. There is no external elastic lamina. 
The flow of blood through capillary beds is regulated mainly by the arterioles that 
supply them. Contraction of coronary circularly-arranged, smooth muscle fibers of 
the arteriolar wall reduces the diameter of the coronary lumen and hence blood flow. 
Generalized contraction of coronary micro-artery throughout the myocardium 
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markedly increases peripheral resistance to blood flow and hence the arteriolar 
compartment of the coronary circulatory system has an important role in the 
regulation of coronary blood pressure. 
Endothelium 
muscle 
； I M L J ^ m M ^ Connective tissue wmw. 
Fig. 3.2.2.2. Porcine coronary micro-arteries, There were arrange 
changes with endothelium cell, smooth muscle cell extend and arrange 
badly. HE stain. 200. 
< 
3.3. Pulmonary artery studies 
3.3.1. Porcine lung harvest and anatomy 
The method of getting porcine pulmonary micro-arteries is the same as that for to 
porcine coronary micro-arteries, (see 3.2.1.) Upon receipt of the lung, put lung on a 
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plant with cold Krebs' solution and with a gas mixture of 95% oxygen to 5% carbon 
dioxide and at pressure of 100 mm Hg, micro- arteries about 200-450|im in diameter 
and 2 mm long will be isolated from branch (the best is the from fifth to eighth 
branch) the blood vessels of left or right apical lobe was clean of alveoli of lung and 
connective tissue (Fig. 3.3.1.), above progress must be with care taken to protect the 
endothelium and were carefully dissected out. Cautious dissecting and mounting of 
the rings render the endothelium functionally intact as determined by the relaxation 
response to various relaxant drugs. 
3.3.2. Characteristic of histology of porcine pulmonary micro-
artery 
The pulmonary arterial vessels are described as elastic arteries and contain 
relatively little smooth muscle (Fig. 3.3.2.1，3.3.2.2, 3.2.2.3). 
< 
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Fig. 3.3.1. Teased lungs of porcine; dorsal view. A, Apical lobe; a, apical 
lobe, cranial segment; a，，apical lobe, caudal segment. (From Sisson et 
al., Sisson and Grossman's The anatomy of the domestic animals, ed. 
Philadelphia, Saunders, 1975,^.1295) 
37 
Chapter 3 Materials and Methods 
Smooth muscle 
E l a s t i c 一 
~ Endothelical cell layer 
Pulmonary micro-artery 
Fig 3.3.2.1. The walls of the pulmonary arteries are relatively thin in 
relation to their diameter, the pressures being much lower than that in the 
systemic circulation. 
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Fig. 3.3.2.2. Porcine pulmonary micro-arteries, endothelium cells and 
smooth muscle cells both extend. And smooth muscle cells arrange 
badly. HE stain. 200. 
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Fig. 3.3.2.3. Porcine lung Small bronchus (SB); Epithelium (E); 
Smooth muscle (SM); Cartilages (C); Tracheal gland (TG); pulmonary 
artery (PA); Bronchial artery (BA). HE, x 124. (From Li Dexue et al , 
Dong wu zu zhi xue cai se tu pu, ed, Taibei，1997，p228. Original 
article is in Chinese). 
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3.4. Drugs 
3.4.1. Drugs 
Pharmacological reagents used and their sources were as follows: BK, L-NNA, 
INDO, HbO, ChTX, apamin, TEA, GBC，BaCh, and ouabain were from Sigma 
Chemical Co, St Louis, MO, USA; U46619 was from Cayman Chemical, Ann Arbor, 
Mich., USA; KRN4884 was a generous gift by pharmaceutical Research Laboratory of 
Kinin Brewery Co. Ltd, Japan. L-NNA, GBC, BaCl�，and ouabain (dissolved in 
distilled water), INDO and TEA (dissolved in ethanol) were stored at 4° C. The 
solution of U46619, oxyhemoglobin, ChTX, apamin and BK (ChTX and apamin 
dissolved in ethanol) were held frozen until required. 
EC solution (marketed as Euro-Collins Solution) and it source is "Fresenius AG, D-
61343 Bad Homburg v.d.H. Germany ’，，UW solution (marketed as Via Span) and it 
source is “ The Du Pont Merck Pharmaceutical. Co. Wilmington. Delaware 19880". 
3.4.2. Preparation of oxyhemoglobin solution 
Commercial bovine hemoglobin (193.5 mg) was dissolved in 0.9% NaCl, 
Na2S203 .5H2O (Sodiumdithionite, 90+%) 250 mg were then added and plenitude 
deliquescence 2-3 minutes, to make up a 3 ml stock solution. The stock solution was 
subsequently reduced to HbO by addition of a small amount (<0.3g) of sodium 
dithionite. Excessive sodium dithionite was extracted by running the solution 
through an Economy-Pac column (Bio-Red) equilibrated with 0.9% NaCl. The HbO 
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solution was frozen in aliquots at -20°C and stored for up to 14 days [Martin et al., 
1986; Kemp & Cocks，1997]. 
3.5. Data analysis 
3.5.1. Calculation ofECso 
The mean maximal relaxation for each group was calculated from the maximal 
relaxation of different rings induced by BK or A23187. The effective concentration of 
the relaxing agent that caused 50 % of the maximal relaxation was defined as EC50. 
The EC50 was determined from each concentration-relaxation curve by a logistic, 
curve-fitting equation: 
E = MAP/(AP + KP) 
Where E is response, M is maximal relaxation, A is concentration, K is EC50 
concentration, and P is the slope parameter. 
3.5.2. Statistical analysis 
All statistical analyses were performed with SPSS software (SPSS, Inc，Chicago, 
111). The significance of the difference between mean values was calculated by the 
paired or unpaired Student t test when appropriate. Results are expressed as mean 土 
SEM for observation of "n", where "n" equals to the number of coronary arterial 
rings. 
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Chapter 4 
EETii, 12 May Partially Restore EDHF-Mediated 
Function in Porcine Coronary Micro-Arteries 
4.1. Abstract 
Objectives: Endothelial cells release nitric oxide, PGI2，and EDHF. The cytochrome 
P450-monooxygenase metabolites of AA EETs have been suggested to be EDHF. 
This study was designed to examine the effect of EETii,i2 with regard to the 
possibility to restore the EDHF function when it is added into the hyperkalemic 
cardioplegia. 
Methods: Porcine coronary micro-artery rings were studied in a myograph. In 
Group I & II，paired arteries were incubated in either hyperkalemic solution (K+ 
20mmol/L) or Krebs' solution (control). In Group III，the paired arteries were 
incubated in hyperkalemia plus EETii’i2 (-6.5 log M) or hyperkalemia alone (control) 
at 37 "C for 1 hour; followed by Krebs' washout and precontracted with -8.5 log M 
U46619. The EDHF-mediated relaxation to EETnj i (Group I) or BK, Group II，III 
was studied in the presence of L-NNA), INDO, and HbO. 
Results: After exposure to hyperkalemia, the EDHF-mediated maximal relaxation 
was significantly reduced by BK (72.5 土 7.8 % vs. 41.6 土 10.6 %; P < 0.05), but not 
by EET11.12 (18.4 土 3.3 % vs. 25.1 土 4.9 %; P > 0.05). Incubation with EETiiji 
partially restored the EDHF function (33.3 土 9.5 % vs. 62.0 % 土 8.5 %; P < 0.05). 
Conclusion: In the coronary micro-arteries, hyperkalemia impairs EDHF-mediated 
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relaxation and EETn.n may partially mimic the EDHF function. Addition of 
EETii.12 into cardioplegia may partially restore the EDHF-mediated function 
reduced by exposure to hyperkalemia. 
4.2. Introduction 
Although the activity of EDHF has been demonstrated in arteries from various 
species, the chemical nature of EDHF has not been finally identified [Rubanyi & 
Vanhoutte, 1987; Feletou & Vanhoutte, 1988; Vanhoutte, 1998]. 
During cardiac surgery, the injury to the heart involves 1) the ischemia-reperfUsion 
injury to the myocytes and coronary circulation and 2) possible injury to the coronary 
circulation by cardioplegia due to its hyperkalemic components. We have previously 
demonstrated that the EDHF-mediated function in both large and micro coronary 
arteries is reduced by hyperkalemic solutions such as the St. Thomas' Cardioplegia 
[Furchgott & Zawadzki，1980; He et al., 1994; He et al , 1995; He et a l , 1996; He & 
Yang, 1996; He, 1997;] and the University of Wisconsin solution [He & Yang， 
1998]. 
Previous findings suggested that the mechanism of EDHF is related to EET [Hu & 
Kim, 1993; Hecker et al., 1994; Li & Compbell，1997; Baron et al., 1997; Li et al., 
1999]. In fact, there are many similar properties between EDHF and EETs. For 
example, both EETs and EDHF can be synthesized by vascular endothelial cells; are 
released by the endothelium in response to endothelium-dependent vasodilators; and 
can relax vascular smooth muscle [Campbell et al., 1996; He et a l , 1994; He et al., 
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1995; He et al., 1996; He & Yang，1996]. We have previously demonstrated that the 
EDHF-mediated relaxation is impaired when the coronary arteries are exposed to 
hyperkalemia [He et al., 1994; He et al , 1995; He et al., 1996; He & Yang，1996; He 
& Yang，1998]. It has not been studied whether EET (EETn.n) mimic the EDHF 
function in the coronary artery and whether addition of EETn^n may restore the 
EDHF-mediated function reduced by exposure to hyperkalemia. 
Thus, this study was then designed to examine the effect of EETu^n on mimicing 
the EDHF-mediated relaxation in the coronary micro-artery during exposure to 
hyperkalemic cardioplegia. 
4.3. Experimental protocol 
4.3.1. Precontraction 
The vessel was contracted with U46619 (-8.5 log M), this dose was chosen according 
to our preliminary experiment (see Chapter 3). U46619 at -8.5 log M caused a stable 
submaximal contraption of all rings. 
4.3.2. EDHF-mediated (INDO, L-NNA, and HbO-resistant) 
relaxation 
With the presence of the specific inhibitor for cyclooxygenase INDO 7 ^iM, the 
NO synthase inhibitor L-NNA 300 and the NO scavenger HbO 20 |AM, 
concentration-relaxation curves to EETn.ii (-10 to -6.5 log M, Group I ) and BK (-10 
to -6.5 log M, Group II，III) were established when the U466i9-mduced contraction 
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reached a plateau. This relaxation is mediated by EDHF because the production of 
NO and PGI2 is abolished by the above inhibitors and scavengers [He et al., 1995]. 
4.3.3. EETi 1,12-inediated relaxation after exposure to hyperkalemia 
Group I. After normalization，the rings were equilibrated for 40 min. One ring was 
then incubated with hyperkalemia (K+ 20 mM, n = 14) for 1 hr and the other with 
Krebs' solution as control (n = 14). The rings were then repeatedly washed with 
Krebs' solution and incubated with INDO (7 |iM), L-NNA (300 |iM), and HbO (20 
|iM) for 30 min, before the U46619 (-8.5 log M)-induced precontraction. Cumulative 
concentration-relaxation curves to EETn, 12 (-10 to -6.5 log M) were established. 
In the hyperkalemic solution, K+ 20 mM was used to replace the equivalent Na+ in 
the Krebs' solution. 
4.3.4. The effect of incubation with EETii,i2 on the BK-induced, 
EDHF-ipediated relaxation 
Group 11, The effect of hyperkalemia (K" 20mM) on the BK-induced, EDHF-
mediated relaxation 
After normalization, the rings were equilibrated for 40 min. One ring was then 
incubated with hyperkalemia (K+ 20 mM, n = 8) for 1 hr and the other with Krebs， 
solution as control (n = 8). The rings were then repeatedly washed with Krebs' 
solution and incubated with INDO (7 _，L-NNA (300 _， a n d HbO (20 jiM) for 
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30 min. The rings were precontracted with U46619 (-8.5 log M) and cumulative 
concentration-relaxation curves to BK (-10 to -6.5 log M) were established. 
Group III. The effect of incubation with hyperkalemia plus EET", 12 on the BK-
induced, EDHF-mediated relaxation 
After normalization, the rings were equilibrated for 40 minutes. One ring was then 
incubated with hyperkalemia (K+ 20 mM) plus EETii,i2 (-6.5 log M, n = 9) for 1 hr 
and the other ring was incubated with hyperkalemia (K+ 20 mM, n = 9) as control. 
The rings were then repeatedly washed with Krebs' solution and incubated with 
INDO (7 iM), L-NNA (300 |iM), and HbO (20 liM) for 30 min. 
In all experiments, the washout time (the time between the start of washout and the 
start of the concentration-relaxation curve to EETn，i2 or BK) was controlled within 
45 minutes [He, 1997]. Only one concentration-relaxation curve was obtained from 
each coronary ring. A mean concentration-relaxation curve was established from 8 
to 14 rings in each group of experiment. During the experiment, the hyperkalemia or 
Krebs' solution in the myograph chambers were continuously bubbled with a gas 
mixture of 95 % oxygen and 5 % carbon dioxide. 
4.4. Results 
4.4.1. Resting force 
There were no significant differences between the arteries exposed to hyperkalemia 
and Krebs' solution or hyperkalemia plus EETii,i2 with regard to the resting force (P 
> 0.5). Table-I gives the detail of the resting force in these micro-arteries. 
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Table. 4.4.1. Resting force in coronary micro-arteries 
Resting force (mN) 
Group 
Hyperkalemia ControlP 95% CI 
I (n=14) 2.7 ± 0.2 3.3 ±0.4 0.26 -1.52 to 0.44 
n (fi = 8) 2.5 士 0.4 2.5 ± 0.2 0.96 -1.13 to 1.08 
III(n = 9) 2.8 ±0.4 3.1 士 0.3 0.64 -1.25 to 0.80 
Values are means 土 SE. Two artery rings were taken from the same micro-
artery and allocated into the paired groups. Group I, II，resting force after 
incubation with hyperkalemia or Krebs' solution (control) at 3 7 �C . Group 
III，resting force after incubation with hyperkalemia plus EETu, n (0.3 M) 
or hyperkalemia alone (control) at 3 7 �C . Unpaired t test. 
4.4.2. HbO and U466i9-induced contraction force 
In all coronary arterial rings, HbO (20 \M) induced a rapid and significant 
increase in the basal tone of coronary rings in all groups. 
It was 1.8 士 0.4 mN vs. 2.2 士 0.4 mN in the control in Group I ( n = 1 4 ; 95 % CI,-
1.56 to 0.75 mN; P = 0.7)，1.0 士 0.3 mN vs. 1.7 士 0.5 mN in the control in Group II 
(n = 8; 95 % confidence interval [CI], -2.0 to 0.5 mN;P = 0.029)，and 1.8 士 0.4 mN 
vs. 1.9 土 0.5 mN in the control in Group III (n = 9; 95 % CI, -1.5 to 1.3 mN; P = 
0.426). 
In all coronary arterial rings, U46619 (-8.5 log M) induced a stable and rapidly 
developed tension. This contraction force was reduced by exposure to hyperkalemia 
when measured at washout for 45 minutes (4.7 士 0.6 mN vs. 4.9 土 0.4 mN in the 
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control in Group I，n = 14; 95 % CI, -1.62 to 1.18 mN;P = 0.3; 3.0 士 0.7 mN vs. 2.7 
士 0.6 mN in the control in Group II，n = 8; 95 % CI, -1.68 to 2.38 mN;P = 0.1; 5.3 土 
0.6 mN vs. 6.2 士 0.7 mN in the control in Group III，n = 9; 95 % CI, -2.95 to 1.06 
mN;P = 0.8). 
4.4.3. EETii，12-induced relaxation in coronary micro-arteries after 
exposure to hyperkalemia 
Group I. In the control, with the presence of INDO (7 \xM/ L), L-NNA (300 \M/ 
L), and HbO (20 |iM/ L) in Krebs' solution, EETn，12 induced a maximal relaxation 
of 18.4 士 3.3 % with PD2 of 8.30 士 0.82. Treatment along with hyperkalemia for 1 
hr followed by washout for 45 min did not significantly alter the EETu, 12-induced 
maximal relaxation to 25.1 土 4.9 % (n = 14; 95 % CI, 5.5 % to 18.9 %; P = 0.5) with 
PD2 of 8.01 士 0.62 (Fig 4.4.3. A and B). 
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Fig. 4.4.3. Relaxation of the porcine coronary micro-artery rings 
precontraced with 一8 . 5 log M U46619 in response to EETu.ii with the 
presence of 7 N M INDO (I), 300 \x M L-NNA (L), and 20 |I M HbO (Hb) 
at 45 minutes of washout after exposure to hyperkalemia or Krebs' 
solution (control) at 37 ° C for 1 hour. Two artery rings were taken from 
the same artery and allocated into the paired groups. A. Mean 
concentration (log M)-relaxation (% of concentraction by U 4 6 6 1 9 ) curves 
for EETn,12. Vertical error bars are 1 SEM. P > 0.05 at all concentration 
(n= 14, unpaired t test). 
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Fig. 4.4.3. B. Digitized traces of original chart recordings from 2 rings 
taken from the same artery, showing the changes in isometric tension. 
4.4.4. The EDHF-mediated relaxation to BK resistant to 
INDO, L-NNA, and HbO 
4.4.4.1. Incubated in either hyperkalemic solution (K^ 20mmol /L) or 
Krebs，solution (control) 
< 
Group n . In the control, with the presence of INDO (7 \iM/ L)，L-NNA (300 \xM/ 
L), and HbO (20 |iM/ L) in Krebs' solution, BK induced a maximal relaxation of 
72.5 士 7.8 % with PD2 of 7.30 士 0.89. Treatment with hyperkalemia for 1 hour 
followed by washout for 45 min significantly reduced BK-induced maximal 
relaxation to 41.6 士 10.6 % (n = 8; 95 % CI, 58.9 % to 3 %; P = 0.03) with PD2 of 
6.35 士 0.70 (fig 4.4.4.1.A and B). 
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Fig. 4.4.4.1. A Relaxation of the porcine coronary micro-artery rings 
precontraced with -8.5 log M U46619 in response to BK with the 
presence of 7 P M INDO (I)，300 \x M L-NNA (L), and 20 ^ M HbO 
(Hb) at 45 minutes of washout after exposure to hyperkalemia or Krebs' 
solution (control) at 37 ° C for 1 hour. Two artery rings were taken 
from the same artery and allocated into the paired groups. A. Mean 
concentration (log M)-relaxation (% of concentration by U46619) curves 
- for BK. Vertical error bars are 1 SEM. * P = 0.03 (n = 8; unpaired t 
test). 
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Fig. 4.4.4.1. B. Digitized traces of original chart recordings from 2 
rings taken from the same artery, showing the changes in isometric 
tension. 
4.4.4.2. Incubated in either hyperkalemic solution (K^ 20mmol/L) 
plus EETii，i2 or Krebs，solution (control) 
- Group III. With the presence of INDO (7 |iM/ L)，L-NNA (300 |iM/ L), and HbO 
(20|liM/ L)，in rings incubated with hyperkalemia at 37 ° C for 1 hour followed by 
washout for 45 min. The BK-induced maximal relaxation was significantly reduced 
to 33.3 士 9.5 o/o (n = 9; 95 % CI, 1.6 % to 5.57 %; P = 0.039) with PD2 of 7.66 士 
0.74，whereas in the rings incubated in hyperkalemia plus EETn,12, BK induced a 
maximal relaxation of 62.0 ± 8.5 % with PD2 of 7.27 ± 0.49 (Fig. 4.4.4.2 A and B). 
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Fig. 4.4.4.2. Relaxation of the porcine coronary micro-artery rings 
precontraced with -8.5 log M U46619 in response to BK with the presence of 
7 \xM INDO (I), 300 M L-NNA (L), and 20 ^ M HbO (Hb) at 45 minutes 
of washout after exposure to hyperkalemia plus EETii’i2 (0.3 \x M) or 
hyperkalemia (control) at 37 ° C for 1 hour. Two artery rings were taken 
from the same artery and allocated into the paired groups. A. Mean 
concentration (log M)-relaxation (% of contraction by U46619) curves for 
EETii，i2. Vertical error bars are 1 SEM. *P = 0.04 (n = 9; unpaired t test). 
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Fig. 4.4.4.2. B. Digitized traces of original chart recordings from 2 rings 













































































































































































































































































































































































































































































































































































































































Chapter 6 EETn, 12 and coronary micro-arteries 
4.5. DISCUSSION 
The present study demonstrates 1) that although it may partially mimic the effect 
of EDHF, EETii，i2 may not be identical to EDHF in the porcine coronary micro-
arteries and 2) that when added into the hyperkalemic solution (K+ 20mM), EETii,i2 
may partially restore the EDHF-mediated (INDO, L-NNA, and HbO-resistant), 
endothelium-dependent relaxation in the porcine micro-coronary artery. 
4.5.1. EDHF plays an important role in the coronary micro-arteries 
As described earlier, the nature of EDHF has not been finally identified [Wesksler 
et al., 1977; Ignarro et al., 1987a; Ignarro et al., 1987b; Vanhoutte, 1998; Liu et al., 
2000]. Several candidates for EDHF have been proposed. These include EETs, the 
cytochrome P450-mono-oxygenase metabolite of AA, K+，anandamide, NO, PGI2， 
ATP, NH3，and citruline, etc [Baron & Beny; 1997; Vanhoutte, 1998]. NO relaxes 
blood vessels by activating soluble guanylate cyclase in smooth muscle cells and by 
opening K+ chanfiels to hyperpolarize underlying vascular smooth muscle cells. 
PGI2 is formed by the action of prostacyclin synthase on endoperoxides, which are 
produced by COX. It increases the level of cyclic AMP via activation of adenylate 
cyclase to evoke vasorelaxation [Mill et al., 1979]. In contrast, EDHF elicits 
relaxation of blood vessels by opening K+ channels on the smooth muscle cell 
membrane and the subsequent hyperpolarization [Petersson et al., 1997; Zygmunt et 
al , 1997]. Although EDHF has been reported to play a role in large conductance 
coronary arteries [Zygmunt et al., 1994; He et al., 1997; John et al , 1997; Li et al , 
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1999]，it plays an even more important role in the regulation of the vascular tone in 
microcirculation than in the large conductance arteries [He, 1997; Ge & He，1999; 
Ge & He, 2000; Ge et al., 2000]. The present study also demonstrates this since in 
the presence of inhibitors of NO and PGI2, BK induced as much as 72.5 % of 
relaxation. This is in accordance with our previous observations in the micro-
coronary arteries [He, 1997; Ge & He, 1999; Ge & He，2000; Ge et al., 2000]. 
4.5.2. EDHF-mediated (INDO, L-NNA, and HbO-resistant) 
relaxation in the coronary micro-arteries 
The endothelium release at least three relaxing factors (NO, PGI2，and EDHF). 
When N O and PGI2 are blocked by INDO and L-NNA, the residual relaxation is 
thought to be due to EDHF. However, by direct measurement of NO we have 
demonstrated that the NO production cannot be abolished by L-NNA [Ge et al., 
2000]. However, further addition of HbO scavenges the residual NO and under such 
condition, the residual relaxation can be considered due to EDHF [Ge et al, 2000]. 
Therefore, in the present study, all experiments were performed in the presence of 
the inhibitors of N O and PGI2 (L-NNA and INDO), as well as the scavenger of N O 
(HbO) to ensure that the residual relaxation is truly due to EDHF. We also 
demonstrated that this relaxation is linked with a membrane hyperpolarization in the 
coronary conductance arteries [He et al., 1997] and in micro-arteries [He, 1997; Ge 
& He, 2000; Ge et al., 2000]. In the present study, the EDHF-stimulus BK induced 
72.5 % of relaxation of the U466i9-induced precontraction. Taken together with our 
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previous electrophysiological studies in the coronary arteries [He et al., 1997; Ge & 
He, 1999; Ge et al., 2000], this relaxation is obviously the effect of EDHF. 
4.5.3. EETn, 12 may partially mimic the EDHF-mediated relaxation 
in the porcine coronary micro-artery 
EETs have been described as EDHF, because these substances have many of the 
known properties of EDHF, as both EETs and EDHF can be synthesized by vascular 
endothelial cells; are released by the endothelium in response to endothelium-
dependent vasodilators; and can relax vascular smooth muscle and increase the open 
probabilities of Kca channels in cell-attached patches [Zygmunt et al., 1994; Fulton 
et al., 1995; Campbell et al., 1996; John et al., 1997]. In the present study, with the 
presence of INDO (7 \iM\ L-NNA (300 jiM), and HbO (20 \iM), EETu,n induced a 
maximal relaxation of only 18.4 士 3.3 %, compared to 72.5 % by BK. The result 
does not support the concept that in the porcine micro-coronary arteries, EDHF is 
EETs, although it is possible that EETs may partially mimic the effect of EDHF. 
< 
4.5.4. Effect of EETii,i2 added in hyperkalemia may partially 
restore the EDHF-mediated relaxation in the porcine 
coronary micro-arteries 
In the porcine coronary micro-artery, treatment with hyperkalemic solution alone 
(K+ 20mM) at 37 ° C for 1 hr significantly reduced the BK-induced maximal 
relaxation. This is in accordance with our published data [He et al., 1996; He & 
Yang, 1996;He, 1997; He & Yang，1998; Ge & He，1999; He et al., 1997; Ge & He， 
- 5 9 -
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2000]. This reduced relaxation (41.6 %) was able to be restored to 62.0 % by adding 
EETii,i2 in the hyperkalemic solution during incubation. This result provides useful 
clinical approach for the improvement of the depolarizing (hyperkalemic) 
cardioplegia. 
Hyperkalemic cardioplegia reduces the EDHF-mediated coronary endothelial 
function and this, may be related to diminished coronary perfusion during the 
reperfusion period. The diminished endothelial function mediated by EDHF may be 
at least partially restored by adding EDHF mimics such as EETs in the cardioplegia 
and this may be a new clinical approach to further improve the effectiveness of the 
depolarizing cardioplegia. 
In summary, the present study suggests that although EETnj i may not be identical 
to EDHF in the porcine coronary micro-arteries, it may partially mimic the EDHF 
function in this artery and addition of EETii,^ into the hyperkalemic cardioplegia 
may partially restore the EDHF-mediated function reduced by exposure to 
hyperkalemia. 
-60-
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Chapter 5: 
Impaired EDHF- Mediated Relaxation in Porcine 
Pulmonary Micro-arteries by Cold Storage with 
Euro-Collin's and University of Wisconsin Solutions 
5.1. Abstract 
Objective: Endothelium plays an important role in mediating the function of 
transplanted organs. The widely used University of Wisconsin (UW) solution impairs 
the endothelium-derived hyperpolarizing factor (EDHF)-mediated relaxation in 
coronary arteries but little is known about effects of lung preservation on EDHF-
mediated endothelial function. This study examined the effect of organ preservation 
solutions on the EDHF-mediated relaxation in the pulmonary micro-arteries 
(diameter 200-450 |im). 
Methods: Two segments (one as control) from the same micro-artery were allocated 
in two chambers of a myograph. After incubation with hyperkalemia (potassium 115 
mM), UW or Euro-Collins (EC) solution (at 4 � C for 4 hours), the EDHF-mediated 
relaxation was induced by bradykinin (BK, -10 to -6.5 log M, n = 8) or calcium 
ionophore (A23187，-9 to -5.5 log M, n = 7) in U46619 (-7.5 log M) precontracted rings 
in the presence of indomethacin (7 }iM), N^-nitro-L-arginine (300 ^M), and 
oxyhemoglobin (20|iM). 
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Results: Exposure to hyperkalemia and storage with EC or UW solutions 
significantly decreased the relaxation to BK (51.9 士 8.4o/o vs. 60.3 士 6.1o/o，p = 0.02 
or 49.3 土 7.3% vs. 65.2 士 3.5o/o，/7 = 0.04) or A23187 (12.5 土 0.02o/o vs. 33.8 士 0.07%， 
p = 0.02 or 13.2 士 0.03% vs. 31.0 士 0.05o/o，p = 0.03). 
Conslusions: EDHF plays an important role in porcine pulmonary micro-arteries 
and the EDHF-mediated relaxation is impaired when the lung is preserved with UW 
or EC solution. This impairment may affect the lung function during the reperfiision 
period after lung transplantation. 
5.2. Introduction 
EDHF plays an important role in porcine pulmonary micro-arteries and the EDHF-
mediated relaxation is impaired when the lung is preserved with EC or UW solution 
due to their high potassium concentrations. This impairment may reduce the efficacy 
of lung transplantation. 
During the preservation period of the donor organ, the vascular endothelium is in 
direct contact with preservation solutions. The effect of organ preservation solutions 
on the endothelium is therefore an important issue in organ transplantation surgery. 
In fact, the effect of hyperkalemia, one of the major components in organ 
preservation solutions, or the effect of the solutions has been investigated in several 
recent studies [Saldanha & Hearse，1989; Nilsson et al., 1991; Evora et al., 1992; 
Pearl et al., 1994; Dagenais et al., 1995; He et a l , 1996; 1997; He, 1997; He & Yang， 
1998; Ge & He，2000]. It has been suggested that University of Wisconsin (UW) 
62 
Chapter 5 UW & EC Solutions 
solution reduces the endothelium-dependent relaxation or causes endothelial 
dysfunction [Pearl et al., 1994; Dagenais et al., 1995; He & Yang，1998; Ge & He， 
2000]. Endothelium is an important modulator of vascular tone. Endothelium-
dependent relaxation is known to be the effect of a variety of EDRFs. These are NO 
[Ignarro et al., 1988], PGI2, and EDHF [Feletou & Vanhoutte，1988; Chen et al, 
1988; Dagenais et al., 1995; He et al., 1996; 1997; He & Yang，1998; Vanhoutte, 
1998; Ge et al., 2000; Liii et al., 2000; He & Liu，2001;]. Because of the complexity 
of the endothelial function, it is necessary to study the effect of preservation solutions 
on individual EDRFs in order to explore the best method for preservation of the 
endothelium. Euro-Collins (EC) or UW solution has been used for clinical lung 
transplantation. However, the effect of EC and UW on the EDHF-mediated 
endothelial function in the pulmonary artery has not been reported. 
Since K+ at high concentrations (hyperkalemia) is a key component in organ 
preservation solutions for transplantation or in cardioplegic solutions, we have 
performed a series of experiments to examine the effect of hyperkalemia on 
endothelial flinction. Our previous studies have demonstrated that when the 
production of NO and PGI2 is inhibited, the residual relaxation (mediated by EDHF) 
is significantly reduced by exposure to hyperkalemia (K+ concentration of 20 to 50 
mmol/L) [He et al., 1996; 1997; He, 1997]. The mechanism of the impaired EDHF-
mediated relaxation after exposure to hyperkalemia is related to the inhibition of K+ 
channels and prolonged depolarization of the smooth muscle membrane potential [He 
etal., 1996; 1997]. 
In EC or UW solution, concentration of potassium (K"^ is as high as 115 or 125 
mmol/L. The extremely high K+ concentration in EC and UW solutions is one of the 
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major concerns with regard to endothelial preservation [Pearl et al., 1994]. However, 
the composition of EC or UW is complex and the effect of these organ preservation 
solutions may therefore be complicated by their multiple components. In fact, the 
effect of storage of the lung with EC and UW solutions on the EDHF-mediated 
relaxation in the pulmonary artery is unknown. 
We therefore designed the present study to examine, in the porcine pulmonary 
micro-artery, (1) whethet the EDHF-mediated relaxation exists and (2) the effect of 
hyperkalemia and cold storage with EC or UW solution, similar to the clinical 
setting, on the EDHF-mediated endothelial function and the contractility of the 
artery. 
5.3. Experimental Protocol 
5.3.1. Precontraction 
The vessel was contracted with U46619, (-7.5 log M). This dose was chosen from our 
preliminary experiment (see Chapter 3). U46619 at -7.5 log M cause a stable 
submaximal contraction of all rings. 
5.3.2. Role of EDHF-media ted ( INDO, L-NNA and HbO-res is tant) 
relaxation in porcine pulmonary micro-arteries by BK or 
A23187 
With the presence of INDO, L-NNA, and HbO, concentration-relaxation curves to 
BK (-10 to -6.5 log M) or A23187 (-9 to -5.5 log M) were established when the U46619-
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induced contraction reached a plateau. This relaxation is considered to be related to 
EDHF because both NO and PGI2 are abolished [Ge et al., 2000; Liu & He, 2000, He 
& L i u，2 0 0 1 ] . ‘ 
Two rings taken from the same micro-artery were mounted in the two chambers and 
equilibrated for 45 min. The normalization procedure was then performed. INDO (7 
_， l - N N A (300.}iM), and HbO (20 _ were then added into one chamber and the 
other was used as conbol. After the precontraction with U46619 (-7.5 log M), 
cumulative concentration-relaxation curves to BK (n = 8) or A23187 (n = 7) were 
established. 
5.3.3. Effect of hyperkalemia or preservation solutions (EC or UW 
solution) on the EDHF-mediated relaxation by BK or A23187 
5.3.3.1. The effect of hyperkalemia 
GROUP L Two rings taken from the same micro-artery were mounted in the two 
chambers. After normalization procedure, one ring was incubated with hyperkalemia 
(K+ 115 mmol/L) for 1 hour and the other was used as control (Krebs' solution). The 
rings were then repeatedly washed with Krebs' solution and incubated with INDO, l -
- NNA, and HbO. In the U466i9-induced precontraction, cumulative concentration-
relaxation curves to BK (Group la, n = 8) or A23187 (Group lb, n = 7) were 
established. 
In the hyperkalemic solution, K^ 115 mmol/L was used to replace the equivalent 
Na+ in the Krebs，solution. 
5.3.3.2. Effect of EC solution on the EDHF-mediated relaxation 
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GROUP II. Two rings taken from the same micro-artery were mounted in the two 
chambers. One ring was incubated with EC solution and the other with Krebs' as 
control for 4 hours at 4°C (in a refrigerator). After storage for 4 hours, both rings 
were repeatedly washed with Krebs' solution and the normalization procedure was 
performed. The rings were incubated with INDO, L-NNA, and HbO. In the U46619-
induced precontraction, cumulative concentration-relaxation curves to BK (Group 
Ila, n = 8) or A23187 (Group lib, n = 7) were established. 
5.3.3.3. Effect of UW solution on the EDHF-mediated relaxation 
GROUP III. The protocol was the similar to that in the Group II，except that the 
ring was incubated in UW solution instead of EC solution. 
5.3.3.4. Effect of UW and EC solutions on the contractility of the pulmonary 
micro-artery 
GROUP IV. Two rings taken from the same micro-artery were mounted in the two 
chambers. One ring was incubated with EC (Group IVa) or UW solution (Group 
IVb) and the other with Krebs，as control at 4°C (in a refrigerator). After storage for 
4 hours, both rings were repeatedly washed with Krebs' solution and the 
normalization procedure was performed. Cumulative concentration-contraction 
curves to U46619 (-10 to -6.5 log M) were then established (n = 8). 
5.4. Results 
5.4.1. Resting force 
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With regard to the resting force, there were no significant differences between the 
arteries exposed to hyperkalemia, EC, UW, and control (Krebs') solution (P > 0.5). 
Table 5.4.1. gives the details of the resting force in these pulmonary micro-arteries. 
5.4.2. U466i9-induced contraction force 
In all porcine pulmonary micro-arterial rings, U46619 (-7.5 log M) induced a rapidly 
developed and stable tension (ranging from 2 to 3.5 mN), that was not significantly 
different compared with the control in all groups (Fig 5.4.2.). 
5.4.3. Role of EDHF-mediated relaxation induced by BK or A23187 
In control rings, BK or A23187induced 97.1 士 2 % (PDj7.18 土 0.40, n = 8 ) or 73.7 土 
7.6 % (PD2 6.45 士 0.43，N = 7) relaxation. With the presence of INDO, L-NNA, and 
HbO, this relaxation (mediated by EDHF) reduced to 69.6 士 6.3 % (P < 0.003) with 
PD2 of 7.54 士 0.18<(p = 0.39) or 38.7 士 4.3 % (P < 0.02) with PD2 of 6.34 士 0.17 (p = 
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Fig. 5.4.3. Mean concentration-relaxation (% of contraction by U46619) 
curves for BK (n = 8) or A23187 (n = 7) with or without (control) of 7 ^M 
INDO, 300 |IM L-NNA, and 20 |LIM HbO. Two artery rings were taken 
from the same artery and allocated into the paired groups. Vertical error 
bars are 1 SEM. *P < 0.05，pair t test. 
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5.4.4. The effect of hyperkalemia 
In Group I，after exposure to hyperkalemia, the EDHF-mediated relaxation was 
significantly reduced in either BK (Group la: 59.1 土 7.4 % vs. 38.6 士 3o/o，95% CI: 
3.8 to 37.2%; P < 0.02) or A23187 (Group lb: 36.6 土 0.02 % vs. 22.7 土 0.03 %, P < 
0.01) subgroup (Fig 5.4.4). With regard to the PD2，the exposure to hyperkalemia did 
not change the PD2 in either BK (Group la: 7.41 士 0.15 vs. 7.52 士 0.12，p =0.45) or 
A23187 (6.84 士 0.37 vs. 6.16 土 0.44，p = 0.58) subgroup. 
A. 
80 - -e— Hyperkalemia 
-•—Control 
100 ‘ 1 1 1 1 1 1 
10 9.5 9 8.5 8 7.5 7 6.5 
Bradykinin -log M 
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B. 
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Fig. 5.4.4. Mean concentration-relaxation (% of contraction by U46619) 
curves for BK (n = 8) or A23187 (n = 7) in the presence of 7 \xM INDO, 
300 \xM L-NNA, and 20 \xM HbO after exposure to hyperkalemia (115 
mM) or Krebs' solution (control) at 37° C for 1 hour. Two artery rings 
were taken from the same artery and allocated into the paired groups. 
Vertical error bars are 1 SEM. *P < 0.05，paired t test. 
5.4.5. Effect of EC solution on the EDHF-mediated relaxation 
Similarly, in Group II，after exposure to EC solution, the EDHF-mediated 
relaxation was significantly reduced in either BK (Group Ila: 60.3 士 6.1% vs. 51.9 土 
8.4 %, 95% CI, 1.1 % to 15.7 %，P < 0.02) or A23187 (Group lib: 33.8 土 0.07 % vs. 
12.5 土 0.02 %, 95 % CI: 0.05 to 0.37 %，P < 0.02) subgroup (Fig 8,4.5). With regard 
to the PD2, the exposure to EC solution did not change the PD2 in either BK (Group 
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Ila: 7.41 土 0.23 vs. 7.51 土 0.28，p = 0.62) or A23187 (Group lib: 6.22 土 0.46 vs. 6.4 士 
0.28，p = 0.68) subgroup. 
5.4.6. Effect of U W solution on the EDHF-mediated relaxation 
Again, in Group III，after exposure to UW solution, the EDHF-mediated relaxation 
was significantly reduced in either BK (Group Ilia: 65.2 士 3.5% vs. 49.3 土 7.3，95% 
CI, 0.4 to 31.4%; P < 0.04) or A23187 (Group Illb: 31.0 土 0.05 % vs. 13.2 土 0.03 %, P 
< 0.03, Fig 5.4.6) subgroup. With regard to the PD2, the exposure to EC solution did 
not change the PD2 in either BK (Group Ilia: 7.69 土 0.20 vs. 7.34 土 0.20，p = 0.1) or 
A23187 (Group Illb: 7 J 2 士 0.88 vs. 6.66 土 0.43，p = 0.44) subgroup. 
5.4.7. Effect of U W and E C solution on the contractil ity of the 
pulmonary micro-artery 
Compared with Krebs' solution, after incubation with EC or UW solution for 4 
hours, the U46619 (-10 to -6.5 log M)-induced maximal contraction was significantly 
decreased (Group IVa: 1.5 土 0.3 vs. 2.4 土 0.4，95 % CI: 0.2 to 1.5, P < 0.01; Group 
‘ IVb: 1.2 土 0.2 vs. 2.2 土 0.3 mN, 95 % CI: -1.94 to -0.16，P < 0.02; Fig 5.4.7). 
However, there were no changes with regard to the PD2. After incubation with EC 
solution, the PD2 was 7.53 土 0.36，compared with control of 7.69 ± 0.16 (p =0.2) 
whereas after incubation with UW solution, the PD2 was 6.44 土 0.46 (p = 0.43，vs. 
6.95 土 0.43 in control). 
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Fig. 5.4.5. Mean concentration-relaxation (% of contraction by U46619) 
curves for BK (n = 8) or A23187 (n = 7) in the presence of 7 \iM INDO, 
300 |iM L-NNA, and 20 |IM HbO after exposure to EC or Krebs' 
solution (control) at 4 �C for 4 hours. Two artery rings were taken from 
the same artery and allocated into the paired groups. Vertical error bars 
are 1 SEM. < 0.05, paired t test. 
74 
Chapter 5 U W & EC Solutions 
A. 
I:: \ 
.80 • - © - U W 
-•—Control 
100 L - ~ ‘ ‘ > 1 1 1 1 
10 9.5 9 8.5 8 7.5 7 6.5 
Bradykinin -log M 
I 20 . \ 
！3� . N 
40 • 
-e— Control 
50 “ 1 1 1 1 1 1 
9 8.5 8 7.5 7 6.5 6 5.5 
A23187 -log M 
Fig. 5.4.6. Mean concentration-relaxation (% of contraction by U46619) 
curves for BK (n = 8) or A23187 (n = 7) in the presence of 7 |iM INDO, 
300 |iM L-NNA, and 20 |iM HbO after exposure to UW or Krebs， 
solution (control) at 4° C for 4 hours. Two artery rings were taken from 
the same artery and allocated into the paired groups. Vertical error bars 
are 1 SEM. < 0.05, paired t test. 
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Fig. 5.4.7. Mean contraction force (mN) to U46619 (-10 to -6.5 log M). 
After incubation with EC (A) or UW solution (B) and Krebs' solution 
(Control) at 4 ° C for 4 hours. Two artery rings were taken from the same 
artery and allocated into the paired groups. * P < 0.05，n =8，respectively, 
paired t test. 
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5.5. Discussion 
5.5.1. EDHF-mediated endothelial function exists in the pulmonary 
microcirculation 
Unlike NO and PGI2, which have been well studied, the nature of EDHF has not 
been finally identified, although most recently the cytochrome P450-monooxygenase 
metabolites of arachidonic acid have been suggested to be EDHF [Vanhoutte, 1998]. 
EDHF induces vascular smooth muscle relaxation via hyperpolarization of the 
smooth muscle cells, which involves potassium (K巧 channels [Feletou & Vanhoutte， 
1988; Chen et al , 1988; He et al., 1996; 1997; Vanhoutte, 1998; Ge et al., 2000]. 
However, all of the these EDRFs are released in response to the increase of 
intracellular (cytosolic free) calcium concentration in the endothelial cell [He et al” 
1996]. 
There is evidence that NO and EDHF are two primary mechanisms of endothelium-
dependent relaxation [Cohen & Vanhoutte，1995]. However, it is unclear whether 
EDHF plays a role in the pulmonary micro-circulation. We have previously 
demonstrated that to study EDHF, it is essential to have all NO production eliminated 
. b y not only NO synthesis inhibitors such as L-NNA, but also NO scavenger HbO [Ge 
et al., 2000; Liu et al , 2000; He & Liu，2001]. Therefore, in the present study, L-
NNA and HbO were present in all experiments in order to study EDHF. Under such 
circumstance, BK or A23187 induced 97.1 % or 73.7 % relaxation. These two agonists 
induce endothelium-dependent relaxation through different mechanisms. BK-
induced release of endothelium-derived vasodilators is receptor-dependent since BK 
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stimulates B2 receptors on the endothelial cell to release a number of relaxing factors 
[Baydoun & Woodward，1991; Mombouli et al., 1992; Honing et al., 2000]. 
Additionally, BK induces vasodilatation through a potassium channel dependent 
mechanism via endothelium [Harada et al, 2000]. In contrast, A23187 is a calcium 
ionophore that directly increases free Ca^ "^  in the endothelial cells and triggers the 
cascade of events in endothelial cell activation, leads to the release of endothelium-
derived vasodilators [Graier et al., 1994]. The fact that in the present study both BK 
and A23187 induced a significant relaxation when the production of NO and PGI2 were 
abolished suggests the existence and the role of EDHF in the pulmonary micro-
vasculature. 
5.5.2. Hyperkalemia exposure reduces EDHF-related relaxation and 
possible mechanism 
High potassium concentration is one of the major components in either cardioplegia 
or organ preservation solution. It has been repeatedly demonstrated that 
hyperkalemia may affect the endothelial function. We have previously demonstrated 
that hyperkalemia affects the coronary endothelial function in either the large 
conductance [He et al., 1996; 1997; He, 1997] or the micro (resistance) artery [Ge & 
He, 2000] through the EDHF-mechanism. This is because hyperkelemia depolarizes 
the membrane potential of the smooth muscle of the coronary artery that interacts the 
hyperpolarization by EDHF. In the present study, we have for the first time 
demonstrated that hyperkalemia also affects the EDHF pathway in the pulmonary 
micro-arteries. This shows that the effect of high potassium on the EDHF-
mechanism is independent of the type of vessel. This phenomenon has clinical 
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importance since high potassium is contained in many clinically used solutions, as 
aforementioned. 
5.5.3. Effect of EC and UW solutions on the EDHF-mediated relaxation 
in the pulmonary micro-arteries 
EC and UW solutions are of the intracellular type solutions and are clinically used 
most frequently in lung transplantation, with EC and UW being used in 77% and 
25% of centers [Lin et al., 1994; Hopkinson et al., 1998]. EC and UW solutions are 
designed for cold storage of the organs. Hypothermic flush perfusion is the method 
most commonly used for pulmonary preservation in clinical practice to limit 
ischemic injury to the lung. Although some studies have shown that lung 
preservation is superior when a more moderate hypothermia with a temperature of 10 
° C is used [Ginns et al, 1999]. However, because of the concerns regarding the 
deleterious effects of flush and storage temperatures greater than 10 ° C and the 
difficulties in maintaining this temperature during the procurement procedure, 
clinical flush perfusion continues to be performed at the lower temperatures. In lung 
transplantation surgery, most flush solutions are administered at 4°C so that 
metabolism is slowed by nearly 80% to 90%. We therefore studied the effect of the 
preservation with EC and UW solutions at 4 °C. 
Further, preservation of the lung should involve both parenchyma and vasculature 
of the lung. Previous studies on lung preservation were not focused on preservation 
of the pulmonary vasculature particularly the endothelium in the pulmonary micro 
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arteries study [Zenati et al., 1989; Gammie et al., 1999]. As to the specific EDHF 
pathway, the effect of either EC or UW solution has not been reported. 
As hyperkalemic solutions, the concentration of potassium in the EC is as high as 
115 mM, while in UW solution, 125 mM. As aforementioned, such high potassium 
concentrations may affect EDHF-mediated relaxation and this has been demonstrated 
in the coronary arteries [He et al., 1996; He, 1997; He & Yang，1998; Ge & He， 
2000]. However, the components in both EC and UW solutions are complex (see 
Table 1.4.1 and 1.4.2) and these components in the solutions may interact each other. 
It is therefore difficult to predict the final action of the solution on the endothelial 
function(Fig 5.5.3). Moreover, the effect of either EC or UW solution in the 
pulmonary micro-arteries has not been reported. The present study clearly 
demonstrates that the EDHF-mediated relaxation induced by either BK or A23187 is 
reduced after the cold storage with either EC or UW solution for a clinically relevant 
period • four hours. This fact should be taken into account in the clinical lung 
preservation for transplantation in order to overcome this shortage of the preservation 
method 
< 
In summary, the present study has demonstrated (1) that EDHF-mediated (INDO, L-
NNA and HbO- resistant) endothelium-dependent relaxation exists in the porcine 
pulmonary micro-artery; (2) that after exposure to hyperkalemia (K+115 mM), the 
major component in organ preservation solutions, the relaxation is reduced; (3) that 
the preservation of lungs in hypothermic organ preservation solutions (EC or UW 
solution) for the clinically relevant period reduces the EDHF-mediated relaxation; 
and (4) that the storage may also affect the contractility of the micro-artery. 
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Fig 5.5.3. Schematic diagram describing the possible pathways by which UW or EC 
solution may affect the interaction between endothelium and smooth muscle. The 
mechanism by which EDHF relaxes vessels is to open K+ channels and to h>perpolarize 
the membrane. Subsequently, (VOCC) are inhibited and, therefore, the Ca + influx is 
reduced, causing relaxation. Incubated UW or EC solution reduces the EDHF-mediated 
relaxation, and exposure to UW solution reduces the NO release [Pearl et al., 1994]. As 
a hyperkalemic solution, UW and EC solutions reduce the EDHF-mediated relaxation by 
affecting potassium channels and prolonged depolarization. When the EDHF-mediated 
relaxation is reduced, the porcine coronary and pulmonary micro-arteries may tend to 
contract because the balance between the contraction and the relaxation on the porcine 
coronary and pulmonary micro-arteries vascular tone are altered. 
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Chapter 6 
General Discussion 
6.1. Endothelium-dependent vasodilators: BK and A23187 
The present study has used BK and A23187 to induce the endothelium-dependent 
relaxation of porcine coronary and pulmonary micro-arteries. In the presence of 
endothelium, both BK and A23187 induced a significant relaxation of smooth muscle 
in porcine coronary and pulmonary micro-arteries (see Chapter 4 and 5). In contrast, 
when the endothelium was denuded, BK did not induce relaxation. These results 
clearly indicate that BK and A23187 induced relaxation are endothelium-dependent. 
The mechanisms by that BK and A23187 induce release of endothelium-derived 
vasodilators are different. (Fig 6.1) BK is one of the most potent vasodilator 
substances known. Several studies have demonstrated with the use of animal or 
human arteries that BK stimulates endothelial cells to release a number of relaxing 
factors, such as NO, PGs, and EDHF [Barrow et al., 1986; Mombouli et al., 1992; 
O'Kane et al., 1994; Marina et al., 2000; Kamei et al., 2000]. BK interacts with B2 
receptors on the endothelial cell and increased the level of intracellular free Ca^^ 
purportedly through the receptor-coupled G-protein(s), leading to release of a variety 
of vasoactive substances [Bauersachs et al., 1994] and activation of endothelial B2 
receptors stimulates NOS and phospholipase A2 to release NO and vasoactive 
metabolites of AA, respectively [Vane et al., 1990]. 
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Fig 6.1. Schematic dia^am describing the possible effects of porcine coronary and 
pulmonary micro-arteries endothelium on the EDHF-mediated relaxation by 
endothelium-dependent vasodilator (BK or A23187). NO and EDHF are two major 
hyperpolarizing factors. EETs may partially mimic the EDHF function in porcine 
coronary micro-arteries but no in porcine pulmonary micro-arteries 
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Additionally, BK induces vasodilatation through a potassium channel dependent 
mechanism via endothelium [Harada et al, 2000]. Therefore, BK-induced release of 
endothelium-derived vasodilators is receptor-dependent. However, endothelium-
dependent relaxation evoked by BK is completely resistant to blockade by NO 
systhase inhibitors, with no alteration in sensitivity to the relaxant agent [Garland et 
al” 1995]. Different from BK, A23187 is a calcium ionophore that directly increases 
free Ca^^ in the endothelial cells. A23187 increases intracellular calcium mainly by 
permeabilizing the plasma membrane and the sarcoplasmic reticulum. The increase 
in intracellular free Ca^^ triggers the cascade of events in endothelial cell activation 
and leads to the release of endothelium-derived vasodilators [Graier et al., 1994]. 
6.2. EDHF in porcine coronary and pulmonary micro-
arteries 
6.2.1. EDHF in porcine coronary micro-arteries 
As described earlier, the nature of EDHF has not been finally identified [Wesksler 
et al., 1977; Ignarro et al., 1987a; Ignarro et al., 1987b; Vanhoutte, 1998; Liu et al., 
2000]. Several candidates for EDHF have been proposed. These include 
epoxyeicosatrienoic acids, the cytochrome P450-mono-oxygenase metabolite of 
arachidonic acid, K+，anandamide, NO, PGI2, ATP, NH3, and citruline, etc [Baron & 
Beny; 1997; Vanhoutte, 1998]. However, EDHF elicits relaxation of blood vessels 
by opening K+ channels on the smooth muscle cell membrane and the subsequent 
hyperpolarization [Petersson et al., 1997; Zygmunt et al, 1997] (Fig 6.2.1). 
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Fig 6.2.1. Schematic diagram describing the possible effects of porcine 
coronary and pulmonary micro-arteries endothelium on the EDHF-
mediated relaxation. EDHF opens K+ channels in vascular smooth muscle 
plasma membrane. Resulting K+ efflux leads to membrane 
hyperpolarization, reduced calcium influx through voltage-gated channels, 
and relaxation of the vascular smooth muscle. 
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Although EDHF has been reported to play a role in large conductance coronary 
arteries [Zygmunt et al., 1994; He et al., 1997; John et al , 1997; Li et al., 1999], it 
plays an even more important role in the regulation of the vascular tone in 
microcirculation than in the large conductance arteries [He, 1997; Ge & He，1999; 
Ge & He，2000; Ge et al., 2000]. The present study also demonstrates this since in 
the presence of inhibitors of NO and PGI2, BK induced as much as 72.5 % of 
relaxation. This is in accordance with our previous observations in the micro-
coronary arteries [He，1997; Ge & He，1999; Ge & He，2000; Ge et al., 2000]. 
When NO and PGI2 are blocked by INDO and L-NNA, the residual relaxation is 
thought to be due to EDHF. However, by direct measurement of NO, we have 
demonstrated that NO production can not be abolished by L-NNA [Ge et al., 2000]. 
Further addition of HbO scavenges the residual NO and under such condition, the 
residual relaxation is due to EDHF [Ge et al., 2000]. Therefore, in the present study, 
all experiments were performed in the presence of the inhibitors of NO and PGI2 (L-
NNA and INDO), as well as the scavenger of NO (HbO) to ensure that the residual 
relaxation is truly due to EDHF. We also demonstrated that this relaxation is linked 
with a membrane hyperpolarization in the coronary conductance arteries [He et al , 
1997; Liu & He，2000; He & Liu, 2001] and in micro-arteries [He, 1997; Ge & He, 
2000; Ge et al., 2000]. In the present study, the EDHF-stimulus BK induced 72.5 % 
of relaxation of the U466I9-induced precontraction. Taken together with our previous 
electrophysiological studies in the coronary arteries [He et al., 1997; Ge & He，1999; 
Ge et al., 2000], this relaxation is obviously the effect of EDHF. 
86 
‘ Chapter 6 General Discussion 
6.2.2. EDHF in porcine pulmonary micro-arteries 
Although the exact role of EDHF in regulating vascular tone and the development 
of vascular diseases is still unclear, there is evidence that NO and EDHF are two 
primary mechanisms of endothelium-dependent relaxation [Cohen & Vanhoutte 
1995]. In the present study, the EDHF stimuli BK or A23187 induced 97.1 % and 73.7 
% relaxation. The mechanisms by that BK and A23187 induce the release of 
endothelium-derived vasodilators are different (see 9.1.). This suggests the role of 
EDHF in regulating the pulmonary micro vasocular tone at least under the stimulated 
condition when the EDNO and PGI2 mechanisms are blocked in the porcine 
pulmonary micro-artery. Studies also show that EDHF may back up or enhance the 
relaxing action of NO, particularly when NO-mediated relaxation is impaired [Chen 
et al., 1988] as seen in some pathologic states such as hypercholesterolemia, 
hypertension, and diabetes mellitus [Chen et al, 1988]. It may be true that in the 
pulmonary microcirculation during ischemia, hypothermic and hypoxia period, when 
the NO and PGI2 mechanism is blocked, the EDHF mechanism may play an 
important role in regulating the pulmonary microcirculation. 
6.2.3. Vascular stretch and release of endothelium-derived 
vasodilators 
The level of tone in vascular smooth muscle influences the release of endothelium-
derived vasodilators and the endothelium-dependent relaxation [Popp et al., 1998]. 
The relative proportions and significance of PGI2, NO, and EDHF depend upon the 
87 
Chapter 6 General Discussion 
amount of stretch [Popp et al., 1998]. Thus, in the present study, the coronary and 
pulmonary micro-arterial rings were set at the optimal point of their length-tension 
curves through a normalization procedure. This allows a comparative investigation 
among the vascular rings. 
6.2.4. EETii,i2 
EETs have been described as EDHF, because these substances have many of the 
known properties of EDHF, as both EETs and EDHF can be synthesized by vascular 
endothelial cells; are released by the endothelium in response to endothelium-
dependent vasodilators; and can relax vascular smooth muscle and increase the open 
probabilities of Kca channels in cell-attached patches [Zygmunt et al., 1994; Fulton 
et al., 1995; Campbell et al., 1996; John et al., 1997]. In the present study, with the 
presence of INDO (7 [M/ L)，l-NNA (300 \iM/ L), and HbO (20 \iM/ L), EETn.n 
induced a maximal relaxation of only 18.4 土 3.3 %, compared to 72.5 % by BK. The 
result does not support the concept that in the porcine micro-coronary arteries, EDHF 
is EETs, although it is possible that EETs may partially mimic the effect of EDHF. 
However, effect of EETu^n added in hyperkalemia may partially restore the EDHF-
mediated relaxation in the porcine coronary micro-arteries. In the porcine coronary 
micro-artery, treatment alone with hyperkalemic solution (K+ 20mM) at 37 ° C for 1 
hr significantly reduced the BK-induced maximal relaxation. This is in accordance 
with our published data [He et al., 1996; He & Yang，1996;He, 1997; He & Yang， 
1998; Ge & He, 1999; He et al., 1997; Ge & He，2000]. This reduced relaxation 
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(41.6 %) was able to be restored to 62.0 % by adding EETn, 12 in the hyperkalemic 
solution during incubation. This result provides useful clinical approach for the 
improvement of the depolarizing (hyperkalemic) cardioplegia. 
Hyperkalemic cardioplegia reduces the EDHF-mediated coronary endothelial 
function and this may be related to diminished coronary perfusion during the 
reperflision period. The diminished endothelial function mediated by EDHF may be 
at least partially restored by adding EDHF mimics such as EETs in the cardioplegia 
and this may be a new clinical approach to further improve the effectiveness of the 
depolarizing cardioplegia. 
6.3. Endothelium-dependent relaxation resistant to INDO, l-
NNA, and HbO in porcine coronary and pulmonary 
microcirculation 
In most of previous studies, the endothelium-dependent relaxation resistant to 
COX- and NOS-inhibitors was attributed to the function of EDHF [He et al., 1996; 
Ge & He，1999]. However, the previous study has found that L-NNA 300 \lM 
inhibited the BK stimulated rise in [NO] released from endothelial cell of the porcine 
coronary micro-arteries by about 67%. L-NNA at the concentrations of 300 \ M and 
1000 |iM produced almost equal inhibitory potency on the relaxation induced by two 
different endothelium-dependent vasodilators (BK and A23187) [Ge and He, 2000]. 
Taken together, these results suggest that L-NNA cannot completely block the 
production of NO, even at the high concentration and the L-NNA-insensitive NO also 
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contributes to the endothelium-dependent relaxation resistant to INDO and L-NNA. 
In porcine pulmonary micro-arteries, the combination of INDO, L-NNA and HbO 
further reduced the BK and A23i87-induced relaxation to about 70% and 40% of 
U46619-induced contraction (see Chapter 5). These results suggest that L-NNA-
insensitive NO play a significant role in the endothelium-dependent relaxation 
resistant to INDO 即d L-NNA in the porcine pulmonary micro-arteries. 
6.4. Alteration of endothelium-dependent relaxation 
resistant to INDO, l - N N A , and HbO after exposure to 
hyperkalemia 
The effect of hyperkalemia on the EDHF-mediated endothelial function is shown by 
the reduced relaxation induced by BK or A23187 after exposure to hyperkalemia under 
normothermia for 1 hour, in porcine pulmonary micro-arteries. This result clearly 
demonstrates that, during the initial reperfusion period, the EDHF-mediated 
relaxation in the pulmonary micro-vessels is altered and this alteration is most likely 
related to the high K+. Hyperkalemia reduces the EDHF-mediated relaxation through 
followed mechanism [He et al., 1996a; He & Yang，1996b]. First the prolonged 
membrane depolarization of the smooth muscle affects the EDHF-mediated 
hyperpolarization, which is linked with the relaxation. Second, the exposure to 
hyperkalemia affects K+ channels, particularly calcium-activated K+ channels, which 
are related to the EDHF-mediated hyperpolarization in the pulmonary micro-artery. 
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6.5. Alteration of endothelium-dependent contraction 
resistant to I N D O , L-NNA, and HbO after exposure to 
EC or UW solutions 
K+ is a depolarizing agent and a strong vasoconstrictor [He et al., 1994, 1996a; 
Scomik et al., 1993; Cohen et al., 1995]. High concentration of K+ in EC or UW 
solution may prevent Na^-K^ ATPase activity and its resultant cellular accumulation 
of water and depletion of adenosine ATP stores. In the present study, despite its 
extremely high K+ concentration, the tone of pulmonary micro-artery is determined 
by the interaction among the effects of the individual components in the solution. 
After pulmonary micro-arteries incubated with EC or UW solution at 4 ° C for 4 
hours, the contraction of this vasculature was significantly reduced. The contraction 
of pulmonary micro-arteries was 2.4 土 0.4mN in Krebs' solution compared with 1.5 
土 0.3mlSf treated with in EC solution and 2.2 ± 0.4mN in Krebs' solution compared 
with 1.2 士 0.2mN treated with in UW solution. The result suggests that 
hyperkalemia affected the function of contraction of pulmonary micro-arteries 
smooth muscle. We demonstrated previously, in the St.Thomas，Hospital 
cardioplegic solution, the vascular tone is lightly reduced although it is a 
hyperkalemic solution [He et al., 1994，1995]. This effect is possibly related to 
components such as magnesium (Mg2+) or adenosine in the solution. Studies have 
demonstrated that high concentration of Mg2+ depresses the sensitivity of the vessels 
to K+ and that Mg2+ induces smooth muscle relaxation because of the decreases of 
the intracellular Ca^^ concentration [Skajaa et al., 1990]. 
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6.6. Clinical implications 
EETn,12 
In the porcine coronary micro-artery，treatment alone with hyperkalemic solution 
(K+ 20mM) at 37 ° C for 1 hr significantly reduced the BK-induced maximal 
relaxation. This is in accordance with our published data [He et al., 1996; He & 
Yang, 1996;He，1997; He & Yang，1998; Ge & He，1999; He et al” 1997; Ge & He， 
2000]. This reduced relaxation (41.6 %) was able to be restored to 62.0 % by adding 
EETi 1,12 in the hyperkalemic solution during incubation. This result provides useful 
clinical approach for the improvement of the depolarizing (hyperkalemic) 
cardioplegia. 
Hyperkalemic cardioplegia reduces the EDHF-mediated coronary endothelial 
function and this may be related to diminished coronary perfusion during the 
reperfUsion period. The diminished endothelial function mediated by EDHF may be 
at least partially restored by adding EDHF mimics such as EETs in the cardioplegia 
and this may be a new clinical approach to further improve the effectiveness of the 
depolarizing cardioplegia. 
EC or UW solution 
Hypothermic storage with hyperkelemic organ preservation solutions such as EC or 
UW solutions impairs the pulmonary micro-arterial endothelial function through the 
EDHF-pathway. Because the micro-arteries are the major resistance arteries in the 
pulmonary circulation, the reduced EDHF-mediated relaxation in the 
microcirculation after the storage may impair the flow capacity of the pulmonary 
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artery by increasing the pulmonary arterial resistance during the reperfusion period. 
This may have adverse effects in the clinical lung transplantation. The present study 
therefore opens a new area of the lung preservation in transplantation surgery. This 
effect and better preservation methods should be further explored in order to improve 
the results of lung transplantation surgery. 
6.7. Limitations 
6.7.1. Common limitations 
The present study investigated the endothelium-dependent relaxation resistant to 
INDO, L-NNA, and HbO in porcine coronary and pulmonary micro-arteries. 
Investigating the function of endothelium has been demonstrated to take or adopt 
variety of methods. For example, we used microelectrode to measure membrane 
potential and NO released from coronary conduit arteries. The present study only 
used myograph to measure isometric force of porcine coronary and pulmonary micro-
arteries. However, the in vivo effect is to be determined. 
6.7.2. Limitation of in vitro study 
The present study is an in vitro experimental investigation. In this model, the 
individual EDRFs may be accurately separated and studied in micro-arteries. 
However, in vivo animal or human studies may provide further insights on the 
impairment of the EDHF-mediated function in the pulmonary circulation. This will 
be addressed in our future studies. 
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6.8. Future work 
Most recently, the cytochrome P450-monooxygenase metabolites of AA, possibly 
endogenous cannabinoids (EETs), have been suggested to be EDHF [Zygmunt et al , 
1994; Fulton et al., 1995; Campdell et al.，1996; John et al., 1997; Vanhoutte, 1998; 
Triggle et al., 1999]. EETs are vasodilators, especially of smaller, more peripheral 
vessels such as intestinal micro-vessels, caudal, cerebral, renal, and coronary arteries, 
as well as resistance arterioles of the kidney [Hu & Kim, 1993; Hecker et al., 1994; 
Li & Compbell，1997; Li et al., 1999]. However, little is known about the role of 
EETii，12 in the pulmonary circulation, especially in microcirculation. Future studies 
will be designed to examine the role of EETn, n in porcine pulmonary micro-arteries. 
In the vascular smooth muscle, K+ channels directly affect the resting membrane 
potential and levels of intracellular Ca^ "^  that are important regulators of cell 
contractility. As for the porcine pulmonary micro-artery, there is no information 
about the role of Na+-K+ ATPase in the EDHF-mediated relaxation. Future studies 
will investigate the role of EDHF in BK-induced relaxation in porcine pulmonary 
micro-arteries and the involvement of K+ channel subtypes as well as ATPase 
- i n the action of EDHF. 
Potassium channels openers (KCOs) are new class of pharmacological vasodilators. 
However, the relationship between EDHF and KCO KRN4884 on porcine coronary 
micro-arteries has not been studied. The future study will be designed to investigate 
1) the effects of KRN4884 on the EDHF-mediated relaxation and 2) the effects of 
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KRN4884 on the EDHF-mediated relaxation when it is added into the hyperkalemic 
solutions in the porcine coronary micro-artery. 
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Chapter 7 
Conclusions 
The present study has examined the contribution of EDHF and EETu, 12 to the 
endothelium-dependent relaxation in porcine coronary micro-arteries. The effects of 
UW and EC solutions on the endothelial function of porcine pulmonary micro-
arteries have been investigated. We conclude 
(1). That EDHF-mediated (INDO, L-NNA and HbO resistant) 
endothelium-dependent relaxation exists in porcine coronary 
and pulmonary micro-arteries. EETu, n may partially mimic 
the action ofEDHF. 
(2). EETu, 12 may not be identical to EDHF in the porcine 
coronary micro-arteries but it may partially mimic the EDHF 
function in this artery. And addition of EETu, 12 into the 
hyperkalemic cardioplegia may partially restore the EDHF-
mediated function reduced by exposure to hyperkalemia. 
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(3). In porcine pulmonary micro-arteries, exposure to 
hyperkalemia or storage with EC or UW solutions at 4° C for 4 
hours impairs the EDHF-mediated endothelial function. The 
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Epoxyeicosatrienoic Acids (EETn 12) May Partially 
Restore Endothelium-Derived Hyperpolarizing 
Factor-Mediated Function in Coronary 
Microarteries 
Wei Zou, MD, Qin Yang, MD, Anthony P. C. Yim, MD, and Guo-Wei He, MD, PhD 
Cardiovascular Research Laboratory, Division of Cardiothoracic Surgery, Department of Surgery, The Chinese University of Hong 
Kong, Hong Kong SAR, China, and Cardiovascular Research, Providence Heart Institute & Starr Academic Center, Providence St. 
Vincent Hospital, Portland, Oregon 
Background. Endothelial cells derive nitric oxide, pros- dykin in (groups 2 and 3) w a s s tudied in the presence of 
tacyclin, and endothe l ium-der ived hyperpolariz ing fac- N°-nitro-L-arginine, indomethacin , and oxyhemoglobin , 
tor (EDHF). The cytochrome P-450-monooxygenase me- Results. After exposure to hyperkalemia, the EDHF-
tabolites of arachidonic acid (epoxyeicosatrienoic acids mediated maximal relaxation b y bradykinin (72.5% ± 
[EETS]) have b e e n suggested to be EDHF. This s tudy was 7.8% versus 41.6% 土 10.6%; p < 0.05), but not b y EET„ „ 
des igned to examine the effect of EET„ , i2 w i t h regard to (18.4% ± 3.3% versus 25.1% 土 4.9%; p > 0.05) w a s 
the poss ibi l i ty of restoring EDHF funct ion w h e n added significantly reduced. Incubation w i t h EET„ „ partially 
into hyperkalemic cardioplegic solut ion. restored EDHF funct ion (33.3% ± 9 . 5 � / �v e r s u s 62.0% ± 
Methods, Porcine coronary microartery rings were 8.5%; p < 0.05). 
s tudied in a myograph. In groups 1 and 2, paired arteries Conclusions. In coronary microarteries, hyperkalemia 
were incubated in either hyperkalemic so lut ion (K+ 20 impairs EDHF-mediated relaxation, and EET„ ^^  may 
mmol/L) or Krebs' so lut ion (control). In group 3, the partially mimic the EDHF function. Addi t ion of EET„ ,2 
paired arteries were incubated in hyperkalemia p lus into cardioplegic so lut ion may partially restore EDHF-
(1 X 10-6 5 mol/L) or hyperkalemia alone (con- mediated funct ion reduced b y exposure to hyperkalemia, 
trol) at 37°C for 1 hour, f o l l o w e d b y Krebs' washout and 
then precontracted w i t h 1 X 10"® ' mol/L U46619. The (Ann Thorac Surg 2001;72:1970-6) 
EDHF-mediated relaxation to EET^ i^ (group 1) or bra- © 2001 b y The Society of Thoracic Surgeons 
Ow i n g to the w i d e use of hyperkalemic cardioplegic acids are vasodilators, especial ly of smaller, more periph-
and organ preservation solut ions in cardiac and eral vesse l s such as intestinal microvesse ls and caudal, 
transplantation operations, the effect of such solut ions on cerebral, renal, and coronary arteries, as wel l as resis-
endothel ial function has b e e n the focus of several recent tance arterioles of the k idney [17-20]. Epoxyeicosatrie-
studies. Vascular endothe l ium plays a key role in the noic acids hyperpolarize vascular s m o o t h musc le b y 
regulation of vascular tone through releasing diverse increasing the open probability of calcium-activated po-
vasodilator substances [1-4]. A m o n g these, endothe l ium- tassium channels . Studies also s h o w that EDHF m a y back 
d e r i v e d r e l a x i n g fac tors (EDRFs) are r e s p o n s i b l e u p or enhance the relaxing action of N O , particularly 
for endothe l ium-dependent relaxation [4]. The major w h e n the N O - m e d i a t e d relaxation is impaired, as s e e n in 
c o m p o n e n t s of EDRFs have b e e n s h o w n to be endothe - s o m e pathologic states such as hypercholesterolemia, 
l u m - d e n v e d n i tnc oxide (NO) [5 6], prostacyclin (PGI^) hypertension, and diabetes mel l i tus [21� . 
demonstrated in arteries from various species , the c h e m - � ischerm^reperfuTc^n injury o the myocytes and cor-
ical nature of EDHF has not b e e n finally identif ied [9-11]. circulation and (2) poss ib le injury to the coronary 
Most recently, the cytochrome P-450 m o n o o x y g e n a s e circulation b y cardioplegic solut ion b e c a u s e of its hy -
metabol i tes of arachidonic acid, poss ib ly e n d o g e n o u s perkalemic components . W e have previous ly d e m o n -
cannabinoids (epoxyeicosatrienoic acids [EETs]), have strated that EDHF-mediated funct ion in both large and 
b e e n sugges t ed to be EDHF [12-16� .Epoxye icosatr ieno ic microcoronary arteries is reduced by hyperkalemic so lu-
tions such as St. Thomas ' cardioplegia [1, 2, 2 2 - 2 5 �a n d 
Accepted for publication July 16, 2001. the University of Wiscons in solut ion [21]. 
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endothelial cells, are released by the endothelium in ENDOTHELIUM-DERIVED HYPERPOLARIZING FACTOR-MEDIATED 
response to endothel ium-dependent vasodilators, and (INDOMETHACIN, N°-NITRO-L-ARGININE, AND OXYHEMOGLOBIN RE-
can relax vascular smooth muscle and increase the open SISTANT) RELAXATION. With the presence of the specific 
probabilities of calcium-activated potassium channels in inhibitor for cyclooxygenase, indomethacin (Indo 7 
cell-attached patches [15]. We have previously demon- mmol/L), the N O synthase inhibitor, N^-nitro-L-areinine 
strated that EDHF-mediated relaxation is impaired when (L-NNA, 300 mmol/L), and the N O scavenger, oxyhemo-
coronary arteries are e y o s e d to hyperkalemia [21-25]. It globin (HbO, 20 mmol/L), concentration-relaxation 
has not been studied whether EETs (particularly curves to EET„ , , (1 X lO—i� to 1 X 10—6.5 ^^l/L, group 1) 
m j ^ c EDHF function in the coronary artery and whether and bradykinin'(BK, 1 X 10"^° to 1 X 1 0 " " mol /L?groups 
二dchtion of EET„, , , may restore EDHF-mediated func- 2 and 3) were established when the U46619-induced 
mic cardioplegic solution. production of N O and PGI^ is abolished by the above 
inhibitors and scavengers [23]. 
Material and Methods 、，. ^ . , „ . n, . Epoxyeicosatrienoic Acidn 12-Mediated Relaxation 
Microartenal Preparation and Mounhng After Exposure to Hyperkalemia 
Fresh porcine hearts collected from a local slaughter- GROUP 1. After normalization, rings were equilibrated for 
house were placed in a container filled with cold Krebs' 40 minutes. One ring was then incubated with hyperka-
solution and immediately transferred to the laboratory. lemia (K+ 20 mmol/L, n = 14) for 1 hour and the other 
On receipt of the heart, intramyocardial microcoronary with Krebs' solution as control (n = 14). The rings were 
arteries (usually the tertiary branches of the left anterior then repeatedly washed with Krebs' solution and incu-
descending coronary artery) were carefully dissected and bated with Indo (7 pimol/L), L-NNA (300 ^xmol/L) and 
removed to protect the endothelium. The vessels were HbO (20 /xmol/L) for 30 minutes, before the U46619 (1 X 
cleaned of fat and connective tissue and cut into cylin- 10"®® mol/L)-induced precontraction. Cumulative con-
drical rings of 2 m m (for intramyocardial arteries) length centration-relaxation curves to EET„ (1 X to 1 X 
under a microscope. The Krebs' solution was aerated 10"® ® mol/L) were established. ‘ 
with a gas mixture of 95% oxygen and 5% carbon dioxide In the hyperkalemic solution, K+ 20 mmol /L was used 
at 37-C and had the following composition (in mmol/L): to replace the equivalent Na+ in the Krebs' solution 
Na+, 144; K+, 5.9; Ca^^, 2.5; Mg2+, 1.2; CI", 128.7; HCO3, 
25; SO42- , 1.2; H 2 P O 4 - , 1.2； glucose, 11 .0. Effect of IncubaHon With Epoxyeicosatrienoic Add^^ 
on Bradykinin-Induced, Endothelium-Derived ‘ 
NormalizaHon Hyperpolarizing Factor-Mediated Relaxation 
A microartenal ring was guided onto a suitable length of GROUP 2. EFFECT OF HYPERKALEMIA ON BRADYKININ-INDUCED, EN-
two stainless-steel wires (40 m m in diameter) through its DOTHELIUM-DERIVED HYPERPOLARIZING FACTOR-MEDIATED' RE-
lumen under microscope. One wire was fixed tightly on a LAXATION. After normalization, the rings were equilibrated 
jaw in a two-channel Mulvany myograph and the other for 40 minutes. One ring was then incubated with hyper-
on the other jaw of the same chamber. These two wires kalemia (K+ 20 mmol/L, n = 8) for 1 hour and the other 
were attached to a force transducer or to a micrometer, with Krebs' solution as control (n = 8). The rings were 
respectively. A previously described method [2, 26-28] then repeatedly washed with Krebs' solution and incu-
was used to normalize vascular rings under a condition bated with Indo (7 卿 o l / L ) , L-NNA (300 卿 o l / L ) , and 
�imj^lating the transmural pressure in vivo encountered HbO (20 ^mol/L) for 30 minutes. 
by the coronary rnicroartery. Bnefly, the artery rings were The rings were precontracted with U46619 (1 X 1 0 - -
progressively stretched until the passive transmural mol/L) and cumulative concentration-relaxation curves 
pressure reached 100 mm Hg. The internal circumference tn EK 乂 in- io . 乂 川-6-5 � ‘ , “ ^ 
was then set to a normalized value, estimated to be ^ ^^ to 1 X 10 mol/L) were established. 
equivalent to 90% of the circumference at a passive GROUP 3. EFFECT OF INCUBATION WITH HYPERKALEMIA PLUS EP-
transmural pressure of 100 m m Hg. OXYEICOSATRIENOIC ACID„,„ ON BRADYKININ-INDUCED, ENDOTHE-
ProtOCOl UUM-DERIVED HYPERPOLARIZING FACTOR-MEDIATED RELAXATION. 
After normalization, the rings were equilibrated for 40 
After the normalization procedure, rings were equili- minutes. One ring was then incubated with hyperkale-
brated at for least 40 minutes. mia (K+ 20 mmol/L) plus EET„,i2 (1 X IQ-^ ® mol/L, n = 
T, , 9) for 1 hour and the other ring was incubated with 
PRECONT^CTION. The v e s s d was contracted with throm- hyperkalemia (K+ 20 mmol/L, n = 9 )as control. The rings 
boxane A , mimehc U46619 (1 X 10 8 5 mol/L). This dose were then, repeatedly washed with Krebs' solution and 
was chosen according to our previous studies in porcine incubated with Indo (7 /xmol/L), L-NNA (300 umol/L) 
coronary arteries [3]. U46619 at 1 X 10—8.s mol/L caused a and HbO (20 样mol/L) for 30 minutes 
stable submaximal contraction of all rings. The rings were then precontracted with U46619 (1 X 
1972 ZOUETAL Ann Thorac Surjj 
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10-8.5 m o l / L ) a n d c u m u l a t i v e concentra t ion-re laxat ion 
c u r v e s to BK (1 X 1 0 " ' ° to 1 X 10—6.5 m o l / L ) w e r e 八 
e s t a b l i s h e d . 
In all e x p e r i m e n t s , t h e w a s h o u t t i m e ( the t i m e b e t w e e n o 
t h e start of w a s h o u t a n d t h e start of t h e c o n c e n t r a t i o n -
re laxat ion curve to E E T „ , i 2 or BK) w a s contro l l ed w i t h i n c 20 • 
45 m i n u t e s [3]. O n l y o n e concentra t ion -re laxa t ion curve . 2 ^ 
w a s o b t a i n e d f r o m e a c h coronary ring. A m e a n c o n c e n - • 
trat ion-re laxat ion c u r v e w a s e s t a b l i s h e d f r o m 8 to 14 ™ 
r ings in e a c h g r o u p of e x p e r i m e n t . D u r i n g t h e exper i - ^ • 
m e n t , t h e h y p e r k a l e m i a or Krebs ' s o l u t i o n in the m y o - ^ ~e~K20 
g r a p h c h a m b e r s w a s c o n t i n u o u s l y b u b b l e d w i t h a g a s " ‘ control 
m i x t u r e of 95% o x y g e n a n d 5% carbon d iox ide . i � � ^ 
Data Analysis i � ^ » ^ ^  7 e.s 
M e a n m a x i m a l re laxat ion for e a c h g r o u p w a s ca l cu la ted EE丁 - l o g M 
f r o m t h e m a x i m a l re laxat ion of d i f ferent rings i n d u c e d b y b 
BK. T h e ef fect ive c o n c e n t r a t i o n of t h e re lax ing a g e n t that 
c a u s e d 50% of the m a x i m a l re laxat ion w a s d e f i n e d as EET„.„ 9 . 8 
T h e ECgo w a s d e t e r m i n e d f r o m e a c h c o n c e n t r a t i o n - : 
re laxat ion curve b y a logist ic , curve- f i t t ing e q u a t i o n [24], / 
a s f o l l o w s : I ... .. ^ ^ V 
E = + KO / N s J . 
w h e r e £ i s r e s p o n s e , M is m a x i m a l re laxat ion, A is I ： ^ ^ 
concentration, K is ECgo concentration, and P is the slope J. : � " 
parameter . � J : 
Statistical Analysis … f j : • 
All statist ical a n a l y s e s w e r e p e r f o r m e d w i t h S P S S so f t - I : k,2o 
w a r e (SPSS, Inc, C h i c a g o , IL). T h e s i g n i f i c a n c e of t h e f 
d i f f erence b e t w e e n m e a n v a l u e s w a s c a l c u l a t e d b y t h e f ^ ; 12 mN 
p a i r e d or u n p a i r e d S t u d e n t ' s t test w h e n appropr ia te . / u«„ L ^ ： 
R e s u l t s are e x p r e s s e d as m e a n 土 s t a n d a r d error of t h e : Smin : 
m e a n for n o b s e r v a t i o n s , w h e r e n e q u a l s t h e n u m b e r of 
coronary arterial r ings . 
DrU£S F块 L Relaxation of porcine coronary microartery rings precon-
r^u ^ J J . , , , 的CTED with 1 X 1 0 - " mol/L U46619 in response to epoxyeicosa-
C h e m i c a l s u s e d a n d the ir s o u r c e s w e r e a s f o l l o w s : BK, trienoic “rid„,„ nEET„ in the presence of 7 nmoUL indometha-
L - N N A , Indo, H b O , a n d EET^^^^ ( S i g m a C h e m i c a l Co , St. cin (I), 300 , l / L N''-mtro-L-arginine (U, and 20 timol/L 
Louis , MO); U 4 6 6 1 9 ( C a y m a n C h e m i c a l , A n n Arbor , MI). oxyhemoglobin (Hb) at 45 minutes of washout after exposure to hy-
S o l u t i o n s of L - N N A ( d i s s o l v e d in d i s t i l l ed water ) a n d perkalemia (K^20) or Krebs' solution (Control) at 37'C for 1 hour. 
I n d o ( d i s s o l v e d in e t h a n o l ) w e r e s t o r e d at 4 � C . S o l u t i o n s Two artery rings were taken from the same artery and allocated into 
«ie paired groups. (A) Mean concentration (negative log moles per 
liter)-relaxaHon (percent of contraction by U46619) curves for 
T , , are shown. Vertical error bars are one standard error of the 
Table 1. Resting Force in Coronary Microarteries" mean； p > 0.05 at all concentrations (n = 14, unpaired Student's t 
Resting Force (mN) ‘ 始 认 ® Digitized traces of original chart recordings from two rings 
：__： taken from the same artery, showing the changes in isometric tert-
Group Hyperkalemia Control p Value 95% CI sion under the conditions indicated on the tracings. 
1 (n = 14) 2.7 ± 0.2 3.3 ± 0.4 0.26 - 1 . 5 2 to 0.44 
2 ( n = 8> 2.5 ± 0 . 4 2.5 ± 0.2 0.96 - 1 . 1 3 to 1.08 of U46619 , H b O , BK, a n d E E T „ w e r e h e l d f r o z e n unt i l 
3 ( n = 9> 2.8 ± 0 . 4 3.1 ± 0.3 0.64 —1.25 to 0.80 r e q u i r e d . ‘ 
'Values are mean ± standard error of the mean. Two artery rings were 
taken from the same microartery and allocated into the paired groups. In R e s u l t s 
groups 1 and 2, resting force was determined after incubation with 
hyperkalemia or Krebs' solution (control) at 37�C. In group 3, resting force ResHtlQ FnrrP 
was determined after incubation with hyperkalemia plus epoxyeicosatrie- ^ 
noic acid„,i2 (03 /imol/L) or hyperkalemia alone (control) at 37�c . T h e r e w e r e n o s ign i f i cant d i f f e r e n c e s a m o n e t h e arter ies 
unpaired Student-saest was used for con^paHsons. e x p o s e d to h y p e r k a l e m i a a n d Krebs ' s o l u t i o n or h y p e r -
Cl = confidence interval. k a l e m i a p l u s E E T „ , „ w i t h r e g a r d to t h e r e s t i n g f o r c e (p > 
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Table 2. Maximal Relaxation and Effective Concentration Producing 50% Relaxation for Bradykinin and Epoxyeicosatrienoic 
in the Presence of Indomethacin (7 fxmol/L), N^-Nitro-L-Arginine (300 fimol/L) and Oxyhemoglobin (20 fwiol/IT 
Maximal Relaxation (%) ECgo (log M) 
Group Control Hyperkalemia p Value 95% CI Control Hyperkalemia p Value 95% CI 
l ( n = 14) EET„,I2 18.4 ± 3.3 25.1 ± 4.9 0.52 - 0.05-0.19 - 8 . 3 0 ± 0.83 - 8 . 0 1 ± 0.62 0.17 一 2 . 4 1 �1 . 8 4 
2 (n = 8) BK 72.5 ± 7.8 41.6 ± 10.6 < 0.03 - 0.59•"一0.3 -7 .30 ± 0.89 - 6.35 ± 0.70 0.85 - 3 . 3 9 - 1 . 4 9 
3 ( n = 9) BK 33.3 ± 9.5 62 ± 8.5 < 0.04 0.02-0.567 - 7 . 6 6 ± 0.74 - 7 . 2 7 ± 0.49 0.51 -2 .28~1 .50 
“Values are mean ± standard error of the mean. Two artery rings from the same artery were randomly allocated into two subgroups. Group 1： EET„,, 
1 X 10-；" to 1 X 1 0 - " mol/L) induced relaxation after incubation with hyperkalemia or Krebs' solution (control) at 37�C for 1 hour followed by a washout 
for 45 mmutes. Groups 2 and 3: BK (1 X lO"^" to 1 X 10-« » mol/L) induced relaxation after incubation with hyperkalemia or Krebs' solution (group 2) 
or incubation with hyperkalemia plus EET,,,,^ or hyperkalemia alone (group 3) at 37�C for 1 hour followed by a washout for 45 minutes. The p values 
between paired groups were calculated with unpaired Student's t test. 
BK = bradykinin; CI = confidence interval; EET„,„ = epoxyeicosatrienoic acid„,„. 
0.5). Table 1 g i v e s the deta i l of t h e r e s t i n g force in t h e s e L/L) in Krebs ' so lut ion , BK i n d u c e d a m a x i m a l re laxat ion 
microarter ies . of 72.5% ± 7.8% w i t h a n EC50 o f l X lO"^-^" ± 1 X lO"" ®' 
^ , , , . , , J 广 r m o l / L (Fig 2). T r e a t m e n t w i t h h y p e r k a l e m i a for 1 h o u r 
Oxyhemoglobin-Induced Contraction Force f o l l o w e d b y w a s h o u t for 45 m i n u t e s s ign i f i cant ly r e d u c e d 
In all coronary arterial r ings , H b O (20 m m o l / L ) i n d u c e d a B K - i n d u c e d m a x i m a l re laxat ion to 41.6% ± 10.6% (n = 8; 
rapid a n d s ign i f i cant i n c r e a s e in t h e b a s a l t o n e of coro- 95% CI, 58.9% to 3%; p = 0.03; F ig 2) w i t h ECgo of 1 X 
n a r y r ings in all g r o u p s . It w a s 1.8 ± 0.4 m N v e r s u s 2.2 ± lO"''-^® ± 1 X lO""'^" m o l / L . 
0 .4 m N in contro l rings in g r o u p 1 (n = 14; 95% conf i -
d e n c e interval [CI】，一 1.56 to 0.75 m N ; p = 0.7), 1.0 ± 0.3 GROUP 3. In the p r e s e n c e of I n d o (7 ^imol/L/L), L - N N A (300 
m N v e r s u s 1.7 土 0.5 m N in contro l rings in g r o u p 2 (n = M-mol/L/L), a n d H b O (20 |amol /L/L) , in rings i n c u b a t e d 
8; 95% CI, - 2 . 0 to 0.5 m N ; p = 0.03), a n d 1.8 ± 0.4 m N w i t h h y p e r k a l e m i a at 3 7 � C for 1 h o u r f o l l o w e d b y w a s h -
v e r s u s 1.9 ± 0.5 m N in contro l r ings in g r o u p 3 (n = 9; o u t for 45 m i n u t e s , t h e B K - i n d u c e d m a x i m a l re laxat ion 
95% CI, 一 1.5 to 1.3 m N ; p = 0.4). w a s s ign i f i cant ly r e d u c e d to 33.3% 土 9.5% (n = 9; 95% CI, 
1.6�/�to 5.57%; p = 0.039; Fig 3) with an EC50 of 1 X 
U46619-Induced Contraction Force lO"^ ®® ± 1 x moI /L, w h e r e a s in t h e rings i n c u -
In all coronary arterial r ings , U46619 (1 X 10—8.5 m o l / L ) b a t e d in h y p e r k a l e m i a p l u s EET^,,^, BK i n d u c e d a m a x -
i n d u c e d a s tab le a n d r a p i d l y d e v e l o p e d t e n s i o n . T h i s imal relaxation of 62.0% ± 8.5% w i t h a n EC50 of 1 X 
contract ion f o r c e w a s r e d u c e d b y e x p o s u r e to h y p e r k a l e - 扣 • 土 工 乂 lO"" "' m o l / L (Fig 3). 
m i a w h e n m e a s u r e d at w a s h o u t for 45 m i n u t e s (4.7 ± 0.6 
m N v e r s u s 4.9 土 0.4 m N in contro l rings in g r o u p 1, n = C o m m e n t 
14; 95% CI, - 1 . 6 2 to 1.18 m N ; p = 0.3; 3.0 ± 0.7 m N v e r s u s , , 
2.7 ± 0.6 m N in control rings in g r o u p 2, n = 8; 95% CI, ：二 P r e s e n t s t u d y d e m o n s t r a t e s t h a t � a l t h o u g h 
- 1 . 6 8 to 2.38 m N ; p = 0.1; 5.3 土 0.6 m N v e r s u s 6 2 ± 0 7 m a y n o t b e ident ica l to E D H F in p o r c i n e coro -
m N in contro l r ings i n g r o u p 3, n = 9; 95% CI, - 2 . 9 5 to Part ial ly m i m i c t h e e f fec t of 
1.06 m N ; p = 0.8). EDHF; a n d � w h e n a d d e d to h y p e r k a l e m i c s o l u t i o n (IC+ 
‘ « 20 m m o l / L ) , E E T „ .,2 m a y part ia l ly res tore t h e E D H F -
Epoxyeicosatnenoic Acid^^ 22-^nduced Relaxation in m e d i a t e d (Indo, L - N N A , a n d H b O res is tant) , e n d o t h e l i -
Coronary Microarteries After Exposure to u m - d e p e n d e n t re laxat ion in t h e c o r o n a r y microartery . 
Hyperkalemia Endothelium-Derived Hyperpolarizing Factor Plays an 
GROUP 1. In t h e control r i n g s m t h e p r e s e n c e of I n d o (7 Important Role in Coronary Microarteries 
{ Z r i ^ N ^ ^ l J r r E O E r ) ' an/ T ^ 卿。丨丨 Asdescribed earlier, the nature of EDHF has not been 
n :ced 二 ~ 二 y identified I4-, Several c 二 e s for EDHF 
K d d ' 7 hour ollowed by washout for 45 acid, K+, anandamide'NO, PGI, adenosine triphos-
m i n u t e s d i f n o s x ^ i f i c a n t l y alter h e i n d u c e d phate , a m m o n i a , a n d c i trul l ine f l l , 29]. Ni tr ic L d e 
m a x i m a l re laxat ion to 25.1% ± 4.9% (n = 14; 95% CI, 5.5% re laxes b l o o d v e s s e l s b y ac t iva t ing s o l i b l e guanvTate 
� 0 : ‘ ” — ECso of 1 X 1 0 — 土 1 X c y c l a s e i n s n ^ o o t h m u s c l e ' c e l l s a n d b y o p e n i n g p o t a s s ' u m 
c h a n n e l s to h y p e r p o l a r i z e u n d e r l y i n g v a s c u l a r s m o o t h 
Bradykinin-Induced Relaxation m u s 产 ’ I s . Prostacyc l in i s f o r m e d b y t h e ac t ion of 
" T L , • . 1 pros tacyc l in s y n t h a s e o n e n d o p e r o x i d e s , w h i c h are p r o -
GROUP 2 I ? t h e confro l n n g s in t h e p r e s e n c e of I n d o (7 d u c e d b y c y c l o o x y g e n a s e . It i n c r e a s e s t h e l eve l of c y d i c 
^^mol/L/L), L - N N A (300 鄉 o l / U L ) , a n d H b O (20 ^ m o l / a d e n o s i n e m o n o p h o s p h a t e b y a c t i v a t i n g a d e n y l a t e c y ' 
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c lase to e v o k e v a s o r e l a x a t i o n [301. In contrast , E D H F 八 
el ic i ts re laxat ion of b l o o d v e s s e l s b y o p e n i n g p o t a s s i u m 
c h a n n e l s o n t h e s m o o t h m u s c l e cel l m e m b r a n e a n d ° f — 
s u b s e q u e n t h y p e r p o l a r i z a t i o n [31, 32]. A l t h o u g h E D H F * 
h a s b e e n r e p o r t e d to p l a y a role in l a r g e - c o n d u c t a n c e g T 
coronary arteries [12, 14, 20, 33], it p l a y s an e v e n m o r e ro 40 . \ 
i m p o r t a n t role in t h e r e g u l a t i o n of v a s c u l a r t o n e in t h e ^ \ 
microc ircu lat ion than in t h e l a r g e - c o n d u c t a n c e arteries 0 go , 
i 80 . 旺丁 
-•-Control 
A 
100 ‘ 1 > 1 1 1 1 
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] . f Fig 3. RelaxaHon of porcine coronary microartery rings precon-
• f ： •• X j t with 1 X 10-"^ moUL U46619 in response to bradykinin 
1 Control OBK) in the presence of7fimol/L indomethacin (\), 300 /xmo//L 
� ；1.2 jnN N^-nitro-L-arginine (L), and 20 timol/L oxyhemoglobin (Hb) at 45 
minutes of washout after exposure to hyperkalemia (K+20) plus ep-
I+L Hb I — - ： oxyekosatrienoic (EETj^,2； 0.3 iimol/L) or hyperkalemia 
6nmi . (Control) at 37'Cfor 1 hour. Two artery rings were taken from the 
same artery and allocated into the paired groups. (A) Mean concen-
F每 2. RelaxaHon of porcine coronary microartery rings precon- tration (negative log moles per liter)-relaxaHon (percent of contrac-
iracted with 1 X lO""'® mol/L U46619 in response to bradykinin Hon by U46619) curves for EET叫2 are shown. Vertical error bars 
(BK) in the presence of 7 timol/L indomethacin (I), 300 ixmol/L N � - are one standard error of the mean; *p = 0.04 (n = 9; unpaired 
nifro-L-ajnine (L), and 20 mol/L oxyhemoglobin (Hb) at 45 Student's t test). (B) Digitized traces of original chart recordings 
BS^BfFB 符 = = = = = = = 細 
from the same artery and allocated into the paired groups. (A) Mean ^ 
concentration (negative log moles per liter)-relaxaHon (percent of 
contraction by U46619) curves for bradykinin are shown. Vertical RO QKI XU , ^ , , ^ 
error bars are one standard error of the mean; = 0.03 (n = 8. ^ ' ‘ ‘ � .p r e s e n t s t u d y a l so d e m o n s t r a t e s th is 
unpaired Student's t test). (B) Digitized traces of original chart re- b e c a u s e in t h e p r e s e n c e of inh ib i tors of N O a n d PGIj , BK 
cordings from two rings taken from the same artery, showing the i n d u c e d as m u c h as 72.5% of re laxat ion . T h i s i s in 
changes in isometric tension under the conditions indicated on the a c c o r d a n c e w i t h o u r p r e v i o u s o b s e r v a t i o n s in t h e coro -
什—s. n a r y microar ter i e s [2, 3, 34, 3 5 � . 
Ann Thorac Surg 2OU ET AL 1975 
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3 ^ y ^ o / a n ^ n j adding EDHF mimics such as EETs in the cardioplegic 
Factor-Mediated (Indomethacm, I^-Nttro-L-Arginine, solution, and this may be a new clinical approach to 
Oxyhemoglobin Resistant) Relaxation in the further improve the effectiveness of depolarizing car-
Coronary Microarteries dioplegic solutions. 
The endothelium derives at least three relaxing factors In conclusion, the present study suggests that although 
(NO, PGI2, and EDHF). When PGIj and N O are blocked may not be identical to EDHF in porcine coro-
by Indo and L-NNA, respectively, the residual relaxation nary microarteries, it may partially mimic EDHF function 
is thought to be caused by EDHF. However, by direct in these arteries. Addition of EET„ .,2 into hyperkalemic 
measurement of N O we have demonstrated that N O cardioplegic solut ion may partially restore EDHF-
production cannot be abolished by L-NNA [35]. How- mediated function reduced by exposure to hyperkalemia, 
ever, further addition of HbO scavenges the residual N O Further study is necessary to clarify whether this is also 
and under such conditions, the residual relaxation is true in the clinical setting, 
caused by EDHF [35� .Therefore, in the present study, all  
the scavenger of N O (HbO), to ensure that the residual (Project Nos. CUHK7246/99M and CUHK4127/01M), China, and 
relaxation is truly caused by EDHF. We also demon- the Providence St. Vincent Medical Foundation, Portland, OR. 
strated that this relaxation is linked with a membrane “ ‘ “ 
hyperpolarization in coronary conductance arteries [33] 
and in microarteries [2, 34, 35]. In the present study, the R e f e r e n c e s 
f l ^ ^ o stimulus BK induced 72.5% relaxation of the 1. Furchgott RE, Zawadzki JV. The obligate^ role of endothe-
U46619-mduced precontrachon. Taken together with our Hal cells in the relaxation of arterial smooth muscle by 
previous electrophysiologic studies in the coronary arter- acetylcholine. Nature 1980;288:373-6. 
ies 13, 33, 35], this relaxation is obviously the effect of He G-VSJ. Hyperkalemic exposure impairs EDHF-mediated 
EDHF. Th S SS^S^S y^he human coronary artery. Ann 
May Partially Mimic the ‘ 丨 1u=ent1�hSr=;: 
Endothehum-Denved Hyperpolarizing croarteries by St Thomas' Hospital solution. J Thorac Car-
Factor-Mediated RelaxaHon in the Porcine Coronary diovasc Surg 1999;118:173-80. 
Microartery ， 4 . 么 二 二 “ 品 二 ; Difference m endothelium-
Epoxyeicosatrienoic acids have been described as EDHF, and n i t r i /LTe 二 二 
because these substances have many of the known prop- artery and saphenous vein. Circulation 2000;102(Suppl 3): 
erties of EDHF, as described earlier. In the present study, 5 i ^ ^ ^ r , ^ . « 加 � . . . 
i"/， 'TZn ！^indo (i，、ol/L/L), L-NIJA (300 ..oL “ lES[h°elLBXi=r=dg=j:^rS�dRuEc'e=d=eGd 
UL), and HbO (20 /xmol/L/L), EET„,i2 induced a maxi- from artery and vein is nitric oxide. Proc Natl Acad Sci USA 
mal relaxation of only 18.4% 土 3.3%, compared with 1987;84:9265-9. 
72.5% induced by BK. The result does not support the 6 . H' Byrns RE Buga GM, Wood RS, Chaudihuri G. 
= 1 二 n t h e p o广 ^ ^^ ^^ ^ r 二 。 r 二 二 ^^ ^^ ^^  
IS an EET, although it is possible that EETs may partially dismutase to study the endothelium-dependent and nitric 
mimic the effect of EDHF. oxide elicited vascular smooth muscle relaxation. T Pharma-
col Exp Ther 1987;244:181-9. 
Effect of Epoxyeicosatrienoic Acid^j 12 Added in 7. Wesksler BB, Marcu AJ, Jaffe EA. Synthesis of prostaglandin 
Hyperkalemia May Partially Restore the Endothelium- ' i P r o s S j l ^ j j ^ ^ g ^ ^ d j u ^ ^ ^ n d b o ^ e endothelial 
Hyperpolarizing Factor-Mediated RelaxaHon 8. ？SReGSaAnhlo9u7^(e7=22i6�a �^ _ _ 
m the Porcine Coronary Microarteries thelium-derived relaxing factor(s): inactivation by cat-
In the porcine coronary microartery, treatment alone 9 Pl^ys丨。119�249:l^95-l()�. 
jWth hyperkalemic solution (K+ 20 腿 o l / L ) at 37»C for 1 d R e U ^ y i r e f a ^ V n a f ^ r ^ ^ t r ^ a ^ e i l i ^ f m O ^ h d ^ l ^ 
hour significantly reduced the BK-induced maximal re- Circ Res 1987;61(Suppl 2):61-7. 
laxation. This is in accordance with our published data [2 瓜 Feletou M, Vanhoutte PM. Endothelium-dependent hyper-
3, 21, 24, 25, 33, 34]. This reduced relaxation (41.6%) was S^^S^^tSToS^^iCgf coronary smooth muscle. Br J Phar-
广 to be restored to 62.0% by adding in the 11. Vanhoutte S ' ^ d ' u m e r makes a comeback. Nature 1998. 
hyperkalemic solution during incubation. This result 396:213-5. 州' 
provides a useful clinical approach for improvement of Qu^ey J, Fulton D, McGiff JC. Hyperpolarizing factors, 
depolarizing (hyperkalemic) cardioplegic solution , , 巧 c h e m Pharmacol 1997;54:1059-70. 
related to diminished coronary perfusion during the 14. Zygmunt PM, Waldeck K, Hogestatt ED. The endothelium 
reperfusion period. The diminished endothelial function mediated a nitric oxide-independent hyperpolarization and 
mediated by EDHF may be at least partially restored by 9^94；?52：575-81 如 hepatic artery. Acta Physiol Scand 
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